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ABSTRACT

The fluctuation of water level downstream from dams due to hydropower flow
releases negatively affects the riverbank stability. Therefore, this research aims to
examine the feasibility of using an optimization technique to mitigate the riverbank
instability resulting from the outflow variation of hydropower plants. The effects of the
water releases from the Bagnell Dam were investigated by computing a series of safety
factors for 78 cross sections along the 81-mile stretch of the lower Osage River in
relation to outflow events by using the integrated BSTEM model incorporated into the
HEC-RAS model. The 1-D sediment transport and unsteady flow in the HEC-RAS model
were accurately calibrated and validated using the USGS data. An optimization technique
using the modified interval algorithm was applied to find an optimal outflow scenario.
This algorithm seeks the maximum safety factor as an objective function that was
constrained to the electrical demand, ecological flow, and flood stage. Moreover, the
optimization technique was applied to the historical outflow data from this dam from the
last two decades. Statistical analysis was then performed to inspect the amplitude and
frequency of flow fluctuation in both the original and optimal outflow scenario. The
results showed that the frequencies of these fluctuations were reduced in the optimal
hydrograph. Additionally, the frequencies of the high rapid drop in outflow have
decreased compared to the original hydrograph, which potentially could reduce the
instability of the riverbanks. This technique will allow hydropower plants’ operators to
have a practical and reliable tool to increase the riverbank stability and reduce the need to
protect extended reaches of riverbanks that have been technically unstable.
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1
1. INTRODUCTION

1.1. GENERAL INTRODUCTION
Humans have been utilizing water to implement different activities throughout the
ages. Historically, rivers and their tributaries have been cradles of civilization for
thousands of years. One such civilization is Mesopotamia, the land between the Tigris
and Euphrates rivers (modern-day Iraq). The geography of southern Mesopotamia is such
that agriculture is only possible with irrigation and good drainage, which has had a
profound effect on the evolution of early Mesopotamian civilizations. The need for
irrigation led the Mesopotamians to invent many technologies for flood control, water
storage, and irrigation [1].
For a long time, the main challenges in water resources engineering were
controlling unexpected changes in river geometry and flooding disasters. Dams are a
symbol of human ingenuity and engineering expertise because they can control the flow
of a river and produce clean energy from hydroelectric power. In reservoirs, water is
ponded for months and then distributed to generate power or to meet irrigation needs
during time of peak demand for electricity or during times of low precipitation.
Bagnell Dam is classified as a concrete gravity dam. It was built in Missouri,
USA, and completed in April 1931, leading to the formation of the Lake of the Ozarks,
which is one of the largest artificially made lakes in the United States. Bagnell Dam,
owned by Ameren UE, was built for generating hydroelectric power. The lower Osage
River flows downstream from the dam for 81 miles to meet the Missouri River as shown
in Figure 1.1.
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Figure 1.1. Location of the Bagnell Dam and the Lower Osage River.
Usually, significant fluctuations in the outflow from Bagnell Dam happen during
short periods due to the variation in the power generation needed to meet the demand.
The operating-flow hydrograph in Figure 1.2 shows the typical pattern of water releases
from Bagnell Dam from May 2001 through October 2001 [2].

Figure 1.2. Typical Outflow Hydrograph from Bagnell Dam.
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These hourly changes of low and high flows have a profound influence on the
morphology of the stream reaches due to fluctuations in the water level with each specific
flow regime. Figure 1.3 shows the drastic variation in water level in the lower Osage
River during the operating time of the hydropower plants in Bagnell Dam.

(a)

(b)

Figure 1.3. Water Level in the Lower Osage River (a) Low Outflows (b) High Outflows.
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The development and management of large reservoirs have historically focused
on flood control, hydroelectric power generation, and consumptive uses such as
municipal, agricultural, and industrial supply. Today, the study of river morphology has
been enhanced by focusing on the effects of water releases downstream from dams.
Neglecting the impacts of stream flow variation events will potentially lead to significant
negative impacts downstream from dams including damage to riverbanks, erosion, and
sedimentation, necessitating the protection of bridges and other hydraulic structures.
Ultimately, various solutions can be explored to resolve the potentially negative effects of
rapidly varying flow releases. One of these solutions is adjusting the outflow fluctuations
by optimizing the water releases.

1.2. RIVERBANK STABILITY
Riverbank failure is a complex phenomenon that depends on geotechnical
characteristics of the riverbank material, the riverbank geometry, and the flow regime in
the river and within the riverbank. The interplay of the various forces shown in Figure 1.4
determine the equilibrium or failure of the riverbank. These forces are the weight of the
water in the channel, which acts downward on the soil block, the hydrostatic force
applied by the water in the channel, the hydrostatic force of water in the tension cracks (if
they exist), the force of water exfiltration from the bank, the shear force resisting all
downward forces, and the normal force along the failure surface.
The stability of riverbanks is calculated by defining a safety factor (SF) as the
ratio of resisting to driving forces acting on the riverbanks:
SF =

FR
FD

(1)
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where FR is the resisting force and FD is the driving force. Therefore, SF compares the
driving forces to the resisting forces:
SF =

∑Ii=1(ci′ Li + Si tan ∅bi + [Wi cos β − Ui + Pi cos(α − β)] tan ∅′i )
∑Ii=1(Wi sin β − Pi sin[α − β])

(2)

where i is number of layers, L is length of the failure plane, S is matrix suction force, W is
the weight of the soil block, U is hydrostatic uplift, P is hydrostatic confining force of the
water in the channel, ∅′i is friction angle, ∅𝑏𝑖 is relationship between matrix suction and
apparent cohesion, c’ is effective cohesion, and β is angle of failure plane.

Figure 1.4. Stability Analysis of the Forces Acting on the Riverbank.
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Generally, failure of a riverbank occurs when the downward driving forces are
greater than the resisting forces within the bank. The mechanism of failure depends on
the characteristics of the soil and the geometry of the riverbank [3]. Many studies have
found that the safety factor of riverbanks increased with the height of the flood peak stage
relative to the initial river stage [4-6]. In fact, several comparisons between the safety
factor values for various hydrological scenarios confirmed that riverbanks are most stable
during low water table elevations that correspond to high water levels in rivers [7].
More recently, a lot of research has dealt with the relationship between unsteady
river flow and the stability of the riverbanks. The case of a rapid drop in water level in
the river was found to be critical [8]. Riverbank mass is usually lost during the draining
phase, while the riverbank is still saturated and the confining pressure of the river's flow
is significantly reduced due to the low water level.

1.3. HYDROPOWER IMPACTING AND RIVERBANK PROTECTION
During the last century, hydropower plants experienced rapid advances in both
number and technical sophistication, which allowed them to become an essential
producer of renewable energy, not only in the United States but also around the world.
Hydroelectric power accounted for 44% of the total renewable electricity produced in the
United State during 2017 alone and 7% of the total electricity produced in the United
State [9]. According to the International Energy Agency (IEA), the United States was the
4th largest producer of hydroelectric power in the world in 2011 after China, Brazil, and
Canada, as shown in Figure 1.5 [10]. During 2017, the use of hydropower helped avert a
10% rise in global emissions from burning fuel and prevented 148 million tons of air-
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polluting particulates, 62 million tons of sulphur dioxide, and 8 million tons of nitrogen
oxide from being released into the atmosphere [11]. It is clear that hydropower plants
bring substantial economic benefit and increase green energy production. However,
hydro-peaking releases downstream from dams harmfully impact the river morphology
and surrounding ecosystems.

Figure 1.5. Hydroelectric Generation by Country in 2011.

At the same time, the world is facing a serious problem in dealing with the
depletion of clean water resources and other environmental concerns. Environmental and
civil engineers have estimated that more than 4.5 billion tons of sediment pollute the
rivers of the United States each year. This volume is equivalent to 25,000 football fields
stacked 100 feet high. Currently, experts also estimate that the United States alone spends
somewhere between $6 and $13 billion each year to correct the effects of erosion and
sedimentation [12, 13].
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Research has shown that the hydraulic behavior of the flow regime in the stream,
as well as the fluctuation of the water table in the riverbank, has a significant effect on the
riverbank’s instability [14, 15]. Water released from dams during hydropower operation
significantly affects the morphology and stability of rivers due to the variation in outflow
corresponding to the electric demand. For instance, when the Svartisen hydroelectric
power plant in Norway started to operate in 1995, significant sediment pollution was seen
in the downstream river reaches. The total sediment transport grew enormously after the
power station began operating, as shown in Figure 1.6. However, the observed sediment
reduction is not only due to a reduction in sediment supply, but is also due to frequent
stops in power generation that were done to meet turbidity standards (Secchi depth) [16].

Figure 1.6. Sediment Load Quantities during Years of Power Production in Svartisen.

Few studies have investigated the effect of highly unsteady hydroelectric power
plant releases on channel stability and sediment transport downstream from dams. Rapid
changes in the flow depth can significantly impact the river erosion and sedimentation
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processes. An increase in flow depth leads to an increase in shear stress, meaning that
erosion of a riverbank and sedimentation increases when the flow stage of the river
increases. In other words, hydraulic bank erosion is dictated by peak flow intensities [7].
In fact, the mechanism of failure depends on the characteristics of the soil and the
geometry of the riverbank [3]. Many studies confirmed that the stability ratio of
riverbanks increased as the height of the peak flood stage relative to the initial river stage
was increased [4, 5, 17]. Furthermore, a previous study on the lower Osage River showed
that there is a high rate of riverbank erosion along the river due to the fluctuation of water
releases from the hydropower plant in Bagnell Dam. The riverbanks downstream from
the dam became unstable, and a common failure mechanism was mass wasting (or
cantilever) failures [2, 18].
The rapid drop in flow following peak flow has a significant impact on riverbank
stability [19]. Riverbanks will have been in a saturated situation with a low water level in
the river. This will drive the flow from the riverbank toward the river and cause an
additional force that increases instability. This mechanism forced the collapse of
riverbanks downstream from the Oroville Dam due to the hydraulic imbalance [20].
Riverbank protection, a feasible solution to the riverbank instability problem,
requires further study. The main purpose of riverbank protection is to reduce riverbank
erosion and decrease instability, which can both be exacerbated by the significant
variation in water flow depth. Riverbank protection criteria should follow the spirit of
eco-hydraulics by utilizing natural inexpensive materials that can be found in the vicinity.
Riverbank protection is commonly implemented by using masonry, rocks, stones, wood,
or concrete, which are expensive and not environmentally friendly. Furthermore, such
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protections would reduce energy dissipation in these protected river cross sections,
transferring the river’s energy downstream and potentially putting downstream
riverbanks at risk. Planting trees by the riverbanks is one environmentally friendly
solution that could improve the stabilization of riverbanks. But questions of cost,
logistical difficulty, and sustainability remain. As an example of the magnitude of these
protection works and the high costs involved, in the fall of 2017, 9,000 feet of riverbank
bordering seven farms in New Hampshire and Vermont were protected against erosion by
planting 5,690 native trees and shrubs. The Connecticut River Conservancy (CRC) and
their project partners paid $5 per tree, often using volunteers to plant them [21].
Besides the cost, special techniques are needed to secure the trees in place to
prevent them from being washed away by the river. This is most important because if the
trees fall into the river, they could collapse a large amount of soil from the riverbanks
into the river, and the trees themselves can cause damage to bridges and other structures
downstream. Reducing these problems requires the consideration of each type of impact
along with the connections between them. From the water management perspective,
finding a new optimum scenario for releasing water from dams that will minimize
negative environmental impacts seems to be a worthwhile alternative.

1.4. OBJECTIVE AND PROPOSED RESEARCH PLAN
Nowadays, the standard template for the mathematical and numerical modeling of
the natural development of streams or rivers is the full integration of the bed and bank
evolution models with the hydrodynamic model. For a long time, through the use of
mathematical models, it has been possible to anticipate future conditions. These models
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have been successfully used to increase our understanding of the significant interrelated
processes in the river systems.
Because more and more people are questioning whether generating hydroelectric
power is worth altering rivers' morphologies and ecosystems, the global objective for this
work will be the creation of a management tool and strategy for minimizing the
detrimental effects of hydro-peaking releases downstream from dams. To achieve these
goals, the present work has been divided into five equally important tasks: (1) study of
previous works, (2) analysis and application of the theory, (3) compilation of exiting field
data and validation, (4) numerical implementation, and (5) discussion of findings and
recommendations.
More specifically, the developed methodology is applied to the case of the Osage
River downstream from Bagnell Dam. The study will utilize and connect methods that
are strictly intended for flood routing, sediment transport, streambank stability, and
optimization. The results of the evaluation of the flow and streambank stability of the
river will be used to feed the optimization program. The optimization program will
anticipate different scenarios that could be used to operate the dams while minimizing the
detrimental effects of hydro-peaking releases on the stability of riverbanks downstream
from dams.
Engineering solutions, when optimally implemented, are beneficial for meeting
the targets for reducing the negative impacts of water released from dams. Therefore,
optimization techniques can be applied to design release patterns that meet these
objectives.
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1.5. THE LAYOUT OF THE DISSERTATION
This dissertation has been prepared to address the negative effects of fluctuation
in water releases from dams due to the hydropower generation, as well as to generate a
new pattern (optimal hydrograph) of water releases to reduce the instability of the
riverbanks downstream from the dam. This study will be presented in seven sections.
Section 1 includes the general introduction of the problem and the motivation for the
work. Section 2 contains a literature review of the previous related works, including
optimization techniques that were previously applied in water management to improve
hydropower generation, water quality, and water quantity behind the dam. Section 3
includes an account of the existing field data used in this work. Section 4 contains a
description of the HEC-RAS and BSTEM models, which are integrated to predict the
flow and riverbank stability. This section also shows how the river flow model has been
calibrated and validated for unsteady flow, bed elevation change, and riverbank safety
factor calculation. Section 5 contains a detailed analysis of the influence of the dam
release characteristics on the riverbank stability. These findings give the operators and
managers a better idea of how to reduce the negative impacts of outflow during the
operating period. The optimization of the flow releases was achieved by using the Closed
Interval Algorithm method introduced in Section 6. The method formulation has been
addressed along with all requirements to determine the optimal operating scenario of the
hydropower system. Furthermore, the results from 2001 will be supported by the flow
records of the last 20 years to develop a set of outcomes that can be adopted during the
operation process. Finally, the conclusions and recommendations for future work are
presented in Section 7. Besides these seven sections, four appendices were added to
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include the detailed soil boring logs, the size distribution of the bed material at different
river cross sections, maps displaying the name and the location of the cross sections, and
a summary of the methodologies and algorithms developed to make this approach
portable to other rivers affected by dams around the world.
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2. REVIEW OF LITERATURE

2.1. GENERAL INTRODUCTION
Societies worldwide face the challenge of increasing demand for energy. Besides
the harmful impacts of conventional energy sources on the environment, there is also a
diminishment in these sources as well. That is why many countries are working hard to
develop and invest in sustainable sources of energy. Advantages of hydropower plants
such as low cost, negligible outputs of carbon dioxide, and express startup/shutdown
times make hydropower plants one of the most satisfactory renewable energy sources.
Despite the wide range of dam operating constraints that may differ from one
hydropower plant operation to another, the constraints can be simply classified as
operational, regulatory, and environmental. Therefore, understanding the restrictions and
capabilities of using hydropower plants is a significant matter for water management
planning.
An optimal operating process for hydropower plants can be defined as a complex
nonlinear optimization problem. Optimization techniques have been utilized in numerous
forms to improve the efficiency of hydropower plants. The optimization process has been
incorporated within hydropower operating systems to reach optimal operation for the
hydropower plants. Several optimization approaches have been used to operate
hydropower plants, each with a different main objective. These include maximization of
hydropower generation, ecological consideration, water quantity constraints, and water
quality constraints.
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Operation of dams, especially those containing a hydroelectric power plant, must
consider the effect of flow releases on the downstream environment. Hydropower plant
operators attempt to develop flow release plans to prevent long-term adverse impacts on
the downstream river that may include ecological damage, environmental changes,
riverbank failures, and water quality reduction.
Among the wide range of previous studies on operating and planning dam
reservoirs, the use of different modern techniques for optimization is presented in several
studies [22-24]. These studies have focused mostly on the volume of water in the
reservoir behind the dams [25-29], and more recently, on the relation of water releases
into ecosystems and water quality [30-32]. In fact, several mathematical programming
methods have been utilized to solve the optimization problem, and these methods
continue to be developed to find a more effective solution to optimization algorithms
[33].
Optimization techniques in several forms have been extensively utilized to
operate hydropower plants and manage reservoir operation problems. However, many
relevant constraints still need to be taken into account, and some limitations have to be
considered. The purpose of this section is to conduct a comprehensive literature review of
previous and related research on the subject of optimization techniques used in reservoir
management and their application to areas downstream from the dam.

2.2. OPTIMIZATION FOR MAXIMUM HYDROPOWER GENERATING
Maximum profit is one of the targets for hydropower generation companies and is
achieved by considering several constraints during operation. Therefore, a more effective
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and reliable operation strategy may be used to enhance the performance of hydropower
plants by using the optimization technique.
Linear programming (LP) optimization has been used to maximize hydropower
energy generation. Maximizing hydropower generation is formulated as an objective
function that is constrained by the model’s outflow scenarios and reservoir storage [34].
However, optimization using nonlinear programming (NLP) is preferred when the water
in the reservoir is consumed for multiple purposes such as irrigation, hydropower, and
flood control. Nonlinear programming for dam management requires a systematic study
not only due to the multi-dimensional complexity of the problem, but also due to
variability of the hydropower production during the operating period. Maximizing
hydropower generation is formulated as an objective function using the NLP technique
during different storage inflow scenarios (dry, regular, and wet season). Each storage
inflow scenario leads to maximum hydropower generation depending on the constraints
of the releases [35, 36].
Optimization using genetic algorithms (GA) has been used in many applications
to optimize the performance of hydropower plants. A GA was employed to increase the
benefits from power generation, water supply, and irrigation while enforcing constraints
on both storage and release from the reservoirs [37]. A case study to optimize the
operating system pattern of the reservoir in Brantas Basin, Indonesia, was conducted by
using the GA approach. This study revealed that GA have great potential in the
simulation of reservoir operation and stressed its superiority over standard dynamic
programming techniques [38]. Moreover, a GA was also used to find the optimal
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operating rules for a multipurpose reservoir located on the Pagladia River in India, which
is a major tributary of the Brahmaputra River [39].
Furthermore, the chaotic genetic arithmetic (CGA) algorithm was applied to a
practical hydro-system with multiple variables and constraints in order to maximize the
benefit of hydropower generation [40]. The results showed that the CGA improved
hydropower generation and was very efficient when calculating results compared to the
more traditional NP optimization algorithm. Moreover, the developed CGA model was
utilized to optimize the monthly operation of the Chaishitan hydropower plant, located on
the Nanpan River in China over thirty-eight years of inflow [29]. The results confirmed
that the CGA finds the solution faster than the standard GA algorithm.
The interval algorithm (IA) optimization approach has been applied to generate
and sell hydropower electricity with maximum profits. Several studies have shown that
this technique is feasible for simulations of average daily energy generation with some
flexibility of the reservoir storage constraints [41]. The comparison of results using the
interval optimization approach with those obtained by LP, NLP, and GA showed that the
interval optimization method achieved maximum productivity with a minimum time cost
for finding maximum hydropower generation [41-43].

2.3. OPTIMIZATION FOR MAXIMUM WATER QUALITY
Rivers carry sediment which are available for transport by water flow from the
river bed and the riverbanks. Dams frequently alter the characteristics of the sediment and
flow regime in the rivers. The physical and the biological characteristics of flow upstream
and downstream from a river will change due to this impact. Several mathematical
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methods have been applied for to enhance water quality index that releases from a
hydropower plant. This section introduces the methods that have been used for
optimizing a hydropower operating system when adopting a water quality index as an
operational constraint.
Dynamic programming (DP) was combined with a water quality simulation model
to improve the water quality during various releases from the hydropower plant.
Temperature was utilized as a constraint in this model as well as an indicator of the water
quality index due to computational complexity [44]. From the results, the addressed case
study showed better performance in the water quality index when using the dynamic
programming algorithm compared to the original release patterns.
Recently, a composite procedure, formulated by mixing LP and GA has been used
for optimizing energy and water quality. The main aim of this combination was to
simplify the objective function parameters that interfere due to their nonlinearity [45].
However, NLP was established to optimize water releases from multiple reservoirs with
the main objective of maximizing the water quality [46].
Furthermore, an Interval Algorithm (IA) approach was utilized to estimate several
water management cases during the summer/fall season for a portion of the mainstream
Klamath River in the United States [47]. The IA was combined with the water quality
model (HEC-Q5) to explore the possibility of improving the water quality index of the
fish habitat. The results show several operating scenarios for water releases that can
improve the water quality index.
Moreover, the GA approach was integrated with a one-dimensional water quality
model for simulating thermal stratification for water releases from a reservoir [48]. Data
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was collected from several places along the Ghomrud Reservoir-River in Iran and applied
in the proposed model. In fact, the results showed that the suggested optimization model
for reservoir operation could mitigate the salinity of the downstream reaches of the river.
The varying chromosome length genetic algorithm (VCLGA) was also formulated and
implemented to solve the same case study by modifying the simple GA to overcome the
time cost and reduce the checked transition in each iteration. The results reached by both
algorithms were almost identical, but the computational time was shorter when using the
modified VCLGA [49].
More recently, hydropower optimization subjected to environmental constraints
including temperature and dissolved oxygen (DO) concentration was studied and applied
to a multipurpose reservoir along the Cumberland River near Nashville, Tennessee, USA.
A water quality model was integrated with the GA for computing optimal hourly
hydropower operation. The results show that the dissolved oxygen reached a minimum
concentration while maintaining maximum hydropower generation [50].
Furthermore, the proposed water quality model was combined with an artificial
neural network (ANN) to maximize the power generation while considering the dissolved
oxygen as the main constraint on the tailwater flow in the Old Hickory reservoir in northcentral Tennessee, USA. The results from the water quality model have been trained and
tested by using the ANN to maximize the outflow and maintain a minimum value of
dissolved oxygen during the regular operating period [51].
A study using Water Resource System Optimization Aided by Graphical Interface
(WARGI) in Italy shows the possibility of using chlorophyll-a tropic indexes as a water
quality constraint to optimize the water quality of the reservoir and the river downstream
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from the hydropower plant. The findings indicate that hydropower generation needs must
be adjusted to satisfy ecological flow requirements and maximize water quality [52]. A
similar conclusion was drawn when the same constraint was applied to the Han
River downstream from the Danjiangkau reservoir in China [53].

2.4. OPTIMIZATION FOR MAXIMUM WATER STORAGE
The successful management of flow in river systems requires accurate flow
modeling. In the past few decades, researchers have used several methods to achieve
optimal storage volume, which is constrained by changes in inflow and demand. Besides
the variety of objectives and variables imposed by multiple socioeconomic uses,
optimizing reservoir storage has to be taken into account in order to meet the objectives
set for constructing a dam.
A DP algorithm was utilized to optimize the rules of operation for water resource
management of a reservoir in arid and semi-arid regions downstream from the Nebhana
Dam in Tunisia. The objective function of this application was to optimize the irrigation
demand during dry seasons while considering water irrigation release and storage volume
[54].
Inflow prediction in a reservoir is essential to water management. Forecasting the
inflow of the Aswan Dam for operational strategies of the Nile River was established
using a neuro-fuzzy model (NFM) combined with an ANN. The results show a
satisfactory ability to handle multiple constraints concurrently [55]. In fact, the ANN has
been developed for the Evolving ANN Intelligent System (ENNIS) to optimize the
operating strategies for the Shihmen Dam in Northern Taiwan [56].
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Operating optimization that considers the best storage strategies during low
probability of inflow using the GA has been applied on Jiroft Dam in Iran [57]. The
results suggested several long- and short-term operating processes that the dam's operator
can implement to satisfy downstream demands and to maximize the water storage behind
the dam. Recently, the GA was applied to address optimal operating policies for multiple
reservoirs in Ganga River basin in India along with maximizing storage as the main
objective function of the optimization [58].
The cuckoo search (CS) algorithm is a modification of the Interval Algorithm.
The CS algorithm was utilized to generate an optimal operation rule for both storage and
power generation for the Adiguzel Dam in Turkey. The modified algorithm showed the
ability to handle the nonlinearity of storage curves and fluctuations in electricity demand
[59].
Successful management of dam/reservoir systems requires consideration of
different operational and environmental constraints. Regardless of the development of
optimization methods and their applications in dam management, several concerns still
need to be addressed. To the best knowledge of the author, there is considerable need to
conduct a systematic investigation into the optimization of highly variable flow releases
in order to reduce the instability of riverbanks downstream from dams.
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3. FILED DATA REQUIRED

3.1. GENERAL INTRODUCTION
Bagnell Dam, built in Missouri, USA in 1931, is owned by Ameren UE to
generate hydroelectric power. Due to the variation in electric demand during the summer
season, large fluctuations from a minimum of 600 cubic feet per second (cfs) to 45,000
cfs in water releases from Bagnell Dam happen. Because of this, the 81 mile (mi) stretch
of lower Osage River downstream from Bagnell Dam, provided an excellent case study to
investigate the outflow hydrograph characteristics on streambank stability.
The field data used in this dissertation comes from different sources: I) The study
of erosion potential of the Osage River downstream from Bagnell Dam by Missouri
University of Sciences and Technology (formally known as University of Missouri –
Rolla UMR) in 2003 [60] provided bathymetric data (cross sections), soil properties and
soil strata of the riverbanks, and bed material size distributions. II) A of water surface
profile analysis of operational discharge from the Osage hydroelectric plant [61] provided
bathymetric data (cross sections). III) The USGS provided hourly stage and flow data
both directly and through its website for the Osage River near the Bagnell Dam, MO
(Bagnell, USGS 06926000) and for the Osage River below St. Thomas (St. Thomas,
USGS 06926510) IV) The USGS provided bathymetric data from the HWY B Bridge St.
Thomas station (St. Thomas, USGS 06926510). The following sections in this section
include a full description of the data used to fulfill the study objectives.
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3.2. GEOTECHNICAL PROPERTIES OF THE RIVERBANKS' SOILS
As a part of studying the erosion potential of the Osage River downstream from
Bagnell Dam by Missouri University of Sciences and Technology (formally known as
University of Missouri – Rolla) in 2003 [60], soil boring samples were collected at 13
locations along the lower Osage River. The soil borings were then analyzed to investigate
the physical properties of the soil and classify them. This analysis allowed for the
determination of soil strata at these 13 locations along the lower Osage River. The data
from these soil borings were used for the erosion and stability analysis in this study.
In order to observe any change that may occur in the soil layers along the river,
the boreholes were drilled to a depth of 30 to 40 ft. by using a hollow-stem auger. The
soil boreholes were drilled as close as possible to the edge of the riverbanks to get
accurate data on the riverbank soil. Figure 3.1 shows the equipment used to drill the
boreholes.

Figure 3.1. Soil Boring Along the Osage River by Geotechnology, Inc..

24
The data shows that the typical soils found along the banks of the lower Osage
River consist of fine-grained silt and clay with fine to medium sand. Most of the bank
material was normally consolidated, and the most common bank stratigraphy exhibited a
lower layer of loose sand and gravel with an upper layer of silt and clay [60]. The
detailed soil boring logs are provided in Appendix A.
Furthermore, the soil base of the riverbanks was placed where more granular
coarse sands were encountered, along with rock in some locations. Based on this finding,
the soil was classified into five types to estimate the erosion rate within the hydraulics
modeling [60]. Table 3.1 shows the generalized soil conditions and soil descriptions
along the lower Osage River.

Table 3.1. Soil Classification Along the Lower Osage River.
Soil Type

Soil Descriptions

Soil - 1: SILT

Low to high plasticity

Soil - 2: CLAY-1

High plasticity, LL>50

Soil - 3: CLAY-2

Low to medium plasticity, LL<50

Soil - 4: SAND

Fine to medium sand

Soil - 5: SAND/GRAVEL

Coarse sand and gravel

Table 3.2. contains a list of the borehole locations and a description of the soil
distribution for each borehole drilled along the lower Osage River. Also, the map in
Figure 3.2 shows the locations of the soil borings that were drilled in the riverbanks to
establish the soil properties.
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Table 3.2. Simplified Soil Profiles along the Lower Osage River.
Borehole
Number

Mile Post or
River Mile

Borehole Surface
Elevation (ft.)

B-1

80.3

551.69

B-2

77.2

551.86

B-3

70.7

566.15

B-4

65.8

574.16

B-5

60.0

564.86

B-6

56.3

567.46

B-7

50.0

556.24

B-8

43.0

551.68

B-9

33.0

555.68

B-10

26.6

534.59

B-11

22.1

542.63

B-13

12.4

537.87

B-14

5.5

532.99

Soil Profile
(Elevation, ft.: Soil Type)
Above 545: Soil-1
545 to 525: Soil-3
Below 525: Soil-4
Above 540: Soil-1
540 to 524: Soil-3
Below 524: Soil-5
Above 559: Soil-1
559 to 539: Soil-3
Below 539: Soil-5
Above 567: Soil-1
567 to 542: Soil-3
Below 542: Soil-5
Above 559: Soil-4
559 to 538: Soil-3
Below 538: Soil-4
Above 531: Soil-3
Below 531: Soil-5
Above 543: Soil-3
543 to 536: Soil-2
536 to 529: Soil-3
529 to 524: Soil-2
Below 524: Soil-5
Above 529: Soil-3
529 to 528: Soil-4
528 to 526: Soil-3
Below 526: Soil-5
Above 550: Soil-1
550 to 540: Soil-4
540 to 530: Soil-3
Below 530: Soil-4
Above 528: Soil-4
528 to 524: Soil-3
524 to 518: Soil-5
Below 518: Soil-4
Above 527: Soil-3
527 to 515: Soil-5
515 to 511: Soil-2
Below 511: Soil-4
Above 530: Soil-2
530 to 525: Soil-1
525 to 516: Soil-3
516 to 511: Soil-5
511 to 507: Soil-1
Below 507: Soil-5
Above 527: Soil-2
527 to 520: Soil-3
520 to 508: Soil-2
Below 508: Soil-4
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Figure 3.2. Location of Soil Sample Collection Along the Lower Osage River.

3.3. BED MATERIAL SAMPLES
As part of studying the erosion potential of the Osage River downstream from
Bagnell Dam by the Missouri University of Sciences and Technology (formally known as
University of Missouri – Rolla) in 2003 [60], bed material samples were collected from
the riverbed for the purpose of obtaining the properties and characteristics of the bed
material in the vicinity of the 13 riverbank soil borings, as shown in Figure 3.2. The bed
material samples from the upper riverbed layer were collected using a grab bucket
sampler. Examination of the sieve analysis results shows that the grain size distribution
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differs over each cross section, and it seems there is no definite gradation pattern for the
samples taken from several locations along the river. However, the predominant materials
of the river bed are gravel and coarse sand. Appendix B contains the size distribution of
the bed material samples collected near the selected cross section along the lower Osage
River.

3.4. CROSS-SECTIONAL DATA
The Kansas City District of the U.S. Army Corps of Engineers developed a
hydrographic survey based on topographic information from 1997 [61]. Cross-sectional
geometry was collected at 78 locations along the 81-mile stretch of the lower Osage
River downstream from Bagnell Dam for use in the HEC-2 hydraulic model of the river.
In 2001, Ameren UE contracted Mead & Hunt Inc. to study the water surface profile
associated with the operational discharge of the Osage Hydroelectric plant [61]. The
USACEKC data was used in a 2001 study by Mead and Hunt Inc., which was conducted
for Ameren UE. Throughout this study, the cross-sectional geometry data was updated by
using bottom profiling and traditional surveying methods to determine if significant
changes had occurred in any cross-sectional geometry along the lower Osage River after
the original data was collected. The Mead and Hunt Inc. study concentrated on the
modeling of the water surface profiles associated with the operational discharge of the
Bagnell Dam hydroelectric plant. Figure 3.3 shows the typical shape of the cross section
along the lower Osage River. The maps in Appendix C show the name and the location of
the cross sections that are used in the hydraulic model.
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Figure 3.3. Typical Shape of the Cross Section Along the Lower Osage River.

Channel cross section data was also extracted from the St. Thomas location (St.
Thomas, USGS 06926510) from field measurements that the USGS made on March 1st
and April 12th, 2001 [62]. Figure 3.4 and 3.5 show the two-field measurements that were

made by the USGS. These cross-sectional geometries determined from these two
measurements are used in this current study to validate the sediment transport model.
The ADCP measurements were made as close as possible to the streamgage
location, and then the cross-sectional data was established in conjunction with the
streamgage height data, allowing for the computation of the riverbed elevation at each
cross section.
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Figure 3.4. Bed Shape at St. Thomas Station on March 1st, 2001.
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3.5. FLOW DATA
A typical outflow hydrograph from Bagnell Dam provided by Ameren UE was
depicted in Figure 1.2 shows how the daily change of low and high flows can have a
profound impact on water surface elevation in stream reaches.
In order to establish the hydraulic prediction, hourly stage and flow data were
obtained from the USGS, for the Osage River near Bagnell Dam, MO (Bagnell, USGS
06926000) and for the Osage River below the St. Thomas (St. Thomas, USGS 06926510)
stream gauges for the 2001-2018 time period [62, 63]. This time period captures the
range of outflows that occur during normal operations of the Osage Hydroelectric plant at
the Bagnell Dam. Figure 3.6 and 3.7 show of the flow hydrograph for the Bagnell and St.
Thomas stations, respectively, in 2001. The stage hydrographs for both the Bagnell and
St. Thomas stations in 2001 are represented in Figure 3.8 and 3.9, respectively. This time
period captures the range of stage of outflows that occur during normal operations of the
Bagnell Dam hydroelectric plant
Furthermore, no lateral inflow data for the lower Osage River was available or
used in this study. Lateral inflows in this study were considered to be very small
compared to water releases from the dam [61]. As such, no tributary streamflow data was
used in this study.
Finally, Table 3.3 summarizes of the data descriptions and sources provided these
data.
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Figure 3.6. Flow Hydrograph from the USGS 06926000 Osage River Near Bagnell, MO
in the Year of 2001.

Figure 3.7. Flow Hydrograph from the USGS 06926510 Osage River Below St. Thomas,
MO in the Year of 2001.
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Figure 3.8. Stage Hydrograph from the USGS 06926000 Osage River Near Bagnell, MO
in the Year of 2001.

Figure 3.9. Stage Hydrograph from the USGS 06926510 Osage River Below St. Thomas,
MO in the Year of 2001.
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Table 3.3. Descriptions of the Data and Sources.
Type of Data
Cross Section Geometry

Sources of Data
•

Seventy-eight cross sections along the 81
miles downstream of the Osage River
from a comprehensive study of the water
surface profile analysis for operational
discharge from Osage Hydroelectric plant
[61].

•

Two cross sections were measured by
using the ADCP measurements at St.
Thomas (HWY B) on March 1st and
April 12th in the year of 2001[62].

Soil Properties

•

Thirteen soil borings were drilled in the
riverbanks to identify the geotechnical
characteristics of the riverbanks as they
related to bank stability and erosion [60].

•

Thirteen bed material samples were
collected from the riverbed for the
purpose of obtaining the properties and
characteristics of the sediments in the
riverbed in the same vicinity of the 13
riverbank soil borings [60].

Hourly Stage and Flow
Hydrograph

•

The hourly stage and flow hydrograph at
two stations on the Osage River were
observed; the first one just downstream
of the Bagnell Dam and the second at St.
Thomas. They were obtained from the
USGS to investigate its effect on
riverbank stability [62, 63].
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4. FLOW AND RIVERBANK STABILITY MODEL

4.1. GENERAL INTRODUCTION
Numerical models are used to understand the interactions resulting from complex
phenomena. It is seldom possible to accurately write and mathematically solve the exact
equations that model the physics of complex phenomena for all scales and complexities.
However, numerical solutions that can approximate the physics are useful. The use of
numerical models has increased proving valuable in various scientific branches. This
increase was enabled by the rapid development of the electronic computer during the
20th century. Models have been improved by troubleshooting their performance in
addressing and providing solutions for engineering problems. Therefore, in addition to
their developing capability and capacity, the results of these models have become more
credible. The modern computer along with these models gives today's engineers the tools
to create more efficient and dynamic solutions.
The development of the hydraulic model is one of the essential steps to studying
the flow behavior of rivers and facilitating the management of water resources. The
hydraulic model helps in producing and estimating a set of variables related to various
potential water management scenarios. These variables include flow discharge, velocity,
water surface level, and submerged areas during flood seasons. Even though hydraulic
models essentially depend on mathematical processes to predict these variables, several
studies have linked the outputs of these hydraulic models with the experimental results to
show the convergence, correlation, and accuracy of the results in both approaches.
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Many modern hydraulic modeling programs are relatively easy to use, using a
graphical user interface as opposed to the older text-based systems. However, choosing
which modeling program to use depends on the specific system that needs to be modeled.
Therefore, this section contains a description of the HEC-RAS model (Hydraulic
Engineering Center- River Analysis System) integrated with the BSTEM model (USDAARS Bank Stability and Toe Erosion Model), which has been used to predict the flow
and riverbank stability along the Osage River downstream from Bagnell Dam.

4.2. HEC-RAS MODEL DESCRIPTION
HEC-RAS was developed by the Hydrological Engineering Center/U.S. Army
Corps of Engineers and is a computer program used for modeling stream flows along
with a variety of other hydraulic structures including rivers, dams, culverts, and
floodplains. HEC-RAS is an integrated package designed for interactive use; it includes a
graphical user interface (GUI) that can be used for analysis, management, and generating
reports. This software is capable of modeling a variety of hydraulic phenomena,
including steady flow, unsteady flow, sediment transport analysis, and water quality
analysis. The HEC-RAS model can be calibrated with hydrometric data and can then be
used to make accurate flow predictions [64]. This is a potentially valuable feature of the
model, as it will permit flow range predictions (for which few validation data sets are
available) to be made from models once they are calibrated [65, 66]. The results can be
viewed in both graphical and tabular format for different profiles and cross sections.
Figure 4.1 shows the main window with the taskbar of the HEC-RAS software.
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Figure 4.1. The HEC-RAS Software Main Window.

The HEC-RAS calculates the numerical solution of the full 1D Saint-Venant
equations and determines flow properties under unsteady flow situations. For unsteady
flow, the governing equations of the flow in the waterway are those for the principle of
conservation of mass and momentum. The derivations of these laws are described in
several well-known publications [67-70].
Figure 4.2 shows the control volume of the one-dimensional flow along the
distance of the channel (x). The amount of discharge and flow area in the middle of the
control volume are symbolized by Q (x, t) and A, respectively. The inflow rate, outflow
rate, and the rate of change in storage in the control volume can represented by Equations
(1), (2), and (3), respectively.
Q−

∂Q Δx
∂x 2

(1)

Q+

∂Q Δx
∂x 2

(2)

∂A
Δx
∂t

(3)
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Figure 4.2. Control Volume for Derivation of the Continuity and Momentum Equations.

Assuming that (Δ𝑥) is small, the equations can be simplified by dividing the terms
of the equations by the amount (𝜌Δ𝑥) will cause the final form of the continuity equation
to be equal to
∂Q ∂A
+
− qi = 0
∂x ∂t

(4)

where 𝑞𝑖 is the lateral inflow per unit length.
Furthermore, the conservation of momentum is represented by Newton’s second
law as a vector equation in the direction of flow (one-dimensional flow) as shown in
Equation (5):
∑ Fx =

⃗⃗⃗
dM
dt

(5)
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Three main forces are considering herein: pressure, gravity, and friction. The
momentum flux rate entering and exiting the control volume can be formulated as shown
in Equation (6) and (7), respectively:
ρ [QV −

∂QV Δx
]
∂x 2

(6)

ρ [QV +

∂QV Δx
]
∂x 2

(7)

Then, the net rate of the momentum flux within the control volume is
−ρ

∂QV
Δx
∂x

(8)

Simplifying and dividing the terms of the equations by the amount (𝜌Δ𝑥) will lead
to the final form of the momentum equation:
1 ∂Q 1 ∂ Q2
∂y
+
( ) + g − g(So − Sf ) = 0
A ∂t A ∂x A
∂x

(9)

The four-point implicit box partial differential schema has been used to
mathematically solve the continuity and momentum equations, Equation (4) and (9),
respectively, in order to solve the one-dimensional unsteady flow [71]. In the implicit
formulation, all derivative terms and other variables are estimated by using the
unknown’s variables at the forward timeline (j+1) as observed in the (x - t) grid in Figure
4.3. The solution from a previous time step will proceed to the next time simultaneously
at all stations along the x-axis (the distance) and for all points along the timeline. The
resulting expressions of the two algebraic equations (continuity and momentum) obtained
by utilizing the four-point implicit box partial differential schema are nonlinear, and an
iterative solution procedure is needed.
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Figure 4.3. The Implicit Finite Difference Using Distance–Time Mesh.

Users of HEC-RAS must provide data to calculate the numerical results. Figure
4.4. shows the required data (geometry file, flow file, and the boundary condition) needed
to run the HEC-RAS program.

Geometric file
Results

Project
Flow file

Boundary Condition file

Plan

Figure 4.4. HEC-RAS Software Main Data Requirement.
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The geometric file contains the cross-sectional geometry data along the waterway
in the study area as the main component of the geometric file. The distance between the
cross sections has to be included in this file as well. In this study, 78 cross sections were
used along the 81 miles of the lower Osage River downstream from Bagnell Dam. The
characteristics of the cross sections and the distances between them have been described
in Section 3.3.
The flow file contains information on the flow boundary conditions adopted for
the simulations. Unsteady flow is significantly more complex and required more data
than the steady flow. For steady flow, the discharge flow upstream and the corresponding
stage downstream end are necessary in order to run the model. The steady flow model
proceeds to calculate the stages through the interior sections while keeping the discharge
constant. For the unsteady flow, the upstream flow hydrograph and the downstream stage
hydrograph are required. The unsteady flow model proceeds to calculate the discharge
and stage at each interior cross section at each time step of the simulation. The water
release hydrograph from Bagnell Dam is used herein as the upstream boundary condition.
The boundary condition file contains all additionally required boundary condition
information needed for the simulation. Initial conditions are required to enter at all
external boundaries (upstream and downstream) of the waterway, as well as internal cross
sections for both steady and unsteady flow. Typically, the initial condition for the water
surface elevation is estimated using Manning's equation at the downstream end. Then,
once the simulations start, HEC-RAS will use the full dynamic form of the Saint Venant
equations to establish the water surface elevation and the flow in any cross section at any
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given time. Normal depth is solved by the Manning equation and has been assumed to be
a boundary condition downstream of the lower Osage River during the simulation period.
Furthermore, HEC-RAS is also capable of calculating the sediment transport.
HEC-RAS determines the amount of sediment storage in the control volume using the
sediment continuity equation, also known the Exner equation
(1 − λp )B

∂η
∂Qs
=−
∂t
∂x

(10)

where B is the channel width, 𝜆𝑝 is the active bed layer porosity, 𝜂 is the bed elevation of
the channel, t is the time, x is the distance, and Qs is the transported sediment load.
The Exner equation relates water flow changes to the variation in sediment flow
over the stream bed. Generally, the type of change in a riverbed is classified as erosion or
deposition. The difference of sediment supply amount from the upstream of the control
volume (Qsin) and the amount in sediment transport capacity (Qsout) from the control
volume defines the type of the change in the river bed. When the supply is greater than
the capacity, HEC-RAS will deposit the sediment, and when the capacity exceeds the
supply, HEC-RAS will erode the riverbed.
The HEC-RAS model includes well-known total sediment transport models such
as Ackers-White, Engelund-Hansen, Laursen, Meyer-Peter-Muller, Toffaleti, and Yang.
Several field and laboratory measurements have been used by the United States Army
Corps of Engineers to compare the accuracy of the sediment transport models’ functions
in HEC-RAS [72]. The characteristics of the total sediment load equations with their
details and preferred applications are listed in Table 4.1.
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Table 4.1. Characteristics of the Total Load Sediment Transport Equations in HEC-RAS.
Equation

Year

Soil Particle Type

Details
This equation was established
based on the properties of the
excess shear and the ratio of the

Laursen-Copeland

1968

Silt-Gravel

shear velocity to the fall velocity.
The validity of the equation was
established by using field and
laboratory data.
This equation uses a set of

Toffaleti

1968

Sand

regression analyses between
sediment, hydraulic flow, and
water temperature.
Dimensional analysis was applied

Ackers-White

1973

Sand-fine Gravel

with experimental works using
flume data, but not including a
grain shear.
The equation was developed

Engelund-Hansen

1967

Sand

using the flume data to study the
flow velocity, the bed shear, and
the d50 of the soil.
Several flume data points were

Yang

1973

Sand-Gravel

used to establish the equation.
The equation is very sensitive to
flow velocity and fall velocity.

Figure 4.5. shows the sediment interface window in HEC-RAS, which includes
the required information provided for the simulations.
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Figure 4.5. Sediment Transport Interface Window in HEC-RAS.

In this study, the soil grain size distribution of the bed material is used to provide
information on the sediment material properties for the bed gradation required by the
HEC-RAS model. The data from the thirteen obtained grab samples and the location of
each sampling-site along the lower Osage River are presented in Section 3.2.
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4.3. BSTEM MODEL DESCRIPTION
Understanding the stability of the riverbanks is absolutely necessary for river
management. Predicting changes in the geometry of rivers due to the variation in flow
patterns is important for mitigating future problems. The USDA-ARS Bank Stability and
Toe Erosion Model (BSTEM) has been integrated with the sediment transport methods in
HEC-RAS 5.0 [71]. Figure 4.6 shows the BSTEM interface window in HEC-RAS,
depicting the information provided for the simulations.

Figure 4.6. BSTEM Interface Window in HEC-RAS.
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The BSTEM is specifically employed herein to calculate the safety factor (SF) at
different times during a pre-determined outflow release scenario. In view of their
complementary features, river modelers frequently run HEC-RAS and BSTEM iteratively
and concurrently, simulating potential toe scour and riverbank failure with BSTEM while
determining new water surface elevations, simulating bed change by routing bed and
riverbank obtained sediment with HEC-RAS. If BSTEM indicates riverbank failure,
HEC-RAS updates the cross section to consider the new bank geometry and adds the
sediment mass of the failed riverbank to the bed-load and suspended transport model and
routes it downstream [73]. The details of BSTEM model calculations are available in
various publications [74-77].
The BSTEM incorporates the behavior of the water-table level in the riverbank as
a static or dynamic groundwater option. When using the static groundwater option, the
water-table level will remain fixed at the initial level during the simulation. Using the
dynamic groundwater option allows the initial level of the water-table to follow the
variation in the stream water surface elevation level. The hydraulic conductivity (K) and
reservoir length (L) are the parameters that control the rate at which water can seep into
or infiltrate from the riverbank when utilizing the dynamic groundwater option [78]. This
indicates a lag in the response time between the rising and falling of the groundwater
elevation compared to the water surface elevation.
When the soil has a high permeability or when the reservoir length is short (high
K or low L), both the water-table and the stream water surface elevation will be identical
as shown in Figure 4.7 (a), and if the soil is impermeable or if the reservoir length is very
long (low K or high L), the water-table will not track the variation in the stream water
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surface elevation, as shown in Figure 4.7 (b). However, if the soil has a moderate
hydraulic conductivity, then a lag between the water table and stream water surface
elevation becomes significant as shown in Figure 4.7 (c) [79].

K= 1000
ft/day

Water
Surface
Elevation

K= 1 ft/day
L=350 ft.
Groundwate

K= 30
ft/day

Figure 4.7. Riverbank Groundwater Response to the Hydraulic Conductivity. a) High
Conductivity. B) Low Conductivity. C) Moderate Conductivity.

The input data needed for the BSTEM to calculate the safety factor (SF) includes
the riverbank cross section and layering characteristics. The BSTEM can compute an
overall safety factor (SF) for varying and complex riverbank geometries composed of up
to five different soil layers for the specified stream flow conditions. Furthermore, default
soil physical properties are available in BSTEM for some particular types of soil, such as
gravel, sand, loam, and clay [80].
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4.4. UNSTEADY FLOW CALIBRATION AND VALIDATION
Flow computation accuracy and uncertainty are important to know for every
model study. Therefore, the calibration and validation of the models for flow estimation
are vital. In this study, discharge data from May to August of 2001 were used for
calibration purposes. Manning's roughness coefficient was adjusted along the lower
Osage River to fit the water surface level and the flow discharge at the St. Thomas
Station (St. Thomas, USGS 06926510). Various values for Manning's roughness
coefficient were used to assess their influence on the accuracy of the flow simulation
results in the study area (process of calibration). After completing the calibration process
for the different values of Manning's roughness coefficient, the final calibration range
was 0.023–0.028 with an average of 0.025 in most parts of the lower Osage River. Figure
4.8 shows Manning’s roughness coefficient along the lower Osage River.
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Figure 4.8. Manning’s Roughness Coefficient Along the Lower Osage River.
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The values of the Manning's roughness coefficient used in the model resulted in
consistent and acceptable performance of the HEC-RAS model when compared to
readings from the USGS gage at the St. Thomas Station (St. Thomas, USGS 06926510).
Figure 4.9 presents the observed hourly stream flow readings the at St. Thomas station
versus the HEC-RAS model prediction during the calibration period (May–Aug 2001).
Given their close agreement, the model is considered to be calibrated using Manning's
roughness coefficient, as shown in Figure 4.8.
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Figure 4.9. Flow Comparisons of HEC-RAS and St. Thomas Gage May–August 2001.
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In order to measure the performance of the calibrated HEC-RAS model, the
validation of the HEC-RAS model has been conducted herein. For this purpose, the flow
hydrograph data from Bagnell Dam for the period of March to mid-April of 2001 was
used as the validation dataset. The result of the hydraulic flow shows an acceptable
behavior and performance for the calibrated HEC-RAS model, which corresponded to the
measured flow values at the St. Thomas station. Figure 4.10 compares the measured flow
at the St. Thomas streamgage and the results of the HEC-RAS model from the previously
identified validation period.
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Figure 4.10. Flow Comparisons of HEC-RAS and St. Thomas Gage March–April 2001.
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Furthermore, one of the most well-known and credible approaches for evaluating
the efficiency of models is the Nash-Sutcliffe efficiency (NSE) [81].
NSE = 1 −

∑t(O − S)2
̅ )2
∑t(O − O

(11)

where O is the observed variable, S is the simulated variable, and 𝑂̅ is the time average of
the observed variable.
The Nash–Sutcliffe efficiency has a wide range from −∞ to 1. When NSE = 1,
this indicates a perfect match of the modeled variable to the observed data. When NSE =
0, the model predictions are as accurate as the mean of the observed data, and when NSE
< 0 occurs when the observed mean is a better predictor than the model. Essentially, NSE
is sensitive to extreme values and might yield sub-optimal results when the dataset
contains large outliers. However, the model will be more accurate when the NSE value is
closer to 1. Thus, a statistical analysis has been performed to determine how well the
model fits the data. The main parameters for this statistical analysis are listed in Table
4.2.

Table 4.2. Values of the Main Parameters of the Statistical Analysis.
Parameters

The Calibration Period

The Validation Period

R2

0.995

0.988

Adjusted R2

0.995

0.988

Standard Error (cfs)

29.06

66.31

NSE

0.989

0.978
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4.5. SAFETY FACTOR VALIDATION
Several assumptions and approximations are used within the BSTEM model. To
verify the applicability of the model and reliability of the results, a complete stability
analysis using the data from the field study of the Sieve River in Tuscany (Italy) is
conducted using the BSTEM model [82]. The main reason for using the results of the
Sieve River study [12] for the validation is that both the BSTEM and the finite element
stability analysis code used in the Sieve River study are based on the limit equilibrium
theory. Furthermore, the Sieve River field study included seepage flow measurements,
which allows for estimation of changes in water table elevation within the riverbank, a
feature also incorporated into the BSTEM model. As shown in Figure 4.11, the
magnitude of SFs calculated through the BSTEM model and those estimated through the
finite element study agree fairly well during the comparison flow period.
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Figure 4.11. BSTEM Model and Finite Element Methodology Applied to the Sieve River
in Tuscany (Italy).
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The most significant difference between SFs computed with the finite element
model for the Sieve River and those calculated by the BSTEM was 17%, and the average
difference was less than 6%. The efficiency of the BSTEM model was equal to 0.893
using the Nash–Sutcliffe efficiency, which shows an acceptable match of the modeled
variable with BSTEM and the finite element model for the field data considered.
The slight difference in results could be due to inaccurate measurements in the
level of groundwater in the riverbank. The field measurements of water table elevation
were monitored by using piezometers and tensiometers, but the BSTEM assumes that the
pore water pressure changes linearly with riverbank height. Comparing the results from
both methodologies, the BSTEM produces an acceptable assessment of SFs for a
composite riverbank during highly variable stream flows.

4.6. BED ELEVATION CHANGE VALIDATION
The changing bathymetry of the channel depends on many factors, one of which
is the fluctuation in discharge. Cross-sectional data from two Acoustic Doppler Current
Profiler (ADCP) measurements made at the HWY B Bridge (St. Thomas Station) were
used in this study to check the performance of the sediment transport equations in the
HEC-RAS model. This data is presented in Figure 3.4 and 3.5.
Figure 4.12 illustrates the results obtained during the validation process. The
results indicate that the total sediment transport equations available in the HEC-RAS
model and the observed data are comparable in magnitude and acceptable for use in the
simulations. Table 4.3 summarizes the differences between the results of the sediment
transport equations in HEC-RAS and the observed field data.
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Figure 4.12. Comparison of Bed Elevation Change Computed Using Different Sediment
Transport Functions in HEC-RAS Model with Observed Field Data.

Table 4.3. The Difference Between the Observed and Simulated Bed-Elevation Changes
at St.Thomas.
Bed-Elevation

Difference

Difference

Relative

(ft)

(ft)

%

Difference %

Engelund-Hansen

505.756

0.110

0.022

14

Acker-White

505.359

0.507

0.100

89

MPM

505.330

0.536

0.106

94

Yang

505.499

0.367

0.073

65

MPM-Toffaleti

505.452

0.414

0.082

73

Observed

505.866

0.000

0.000

0

Method
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The relative difference between the observed bed-elevation and the simulation
results when using the Engelund-Hansen equation within HEC-RAS was 14%, which is a
very reasonable results. Therefore, for the existing conditions, the performance of the
HEC-RAS model in predicting the hydraulic and sediment transport phenomena through
the lower Osage River suggests that the model can be used for predicting the discharge
flow and riverbank stability when using the Engelund-Hansen sediment transport
relations.

4.7. FLOW AND RIVERBANK STABILITY PREDICTION
This section presents the predictions of the riverbank stability along the reach of
the lower Osage River downstream from Bagnell Dam for the outflow events in 2001,
which were made by using the integrated BSTEM inside the HEC-RAS model. The
effects of the water releases from Bagnell Dam were expressed by computing a series of
safety factors for the riverbanks at each cross section along the lower Osage River with
the outflow hydrograph. The required data, such as the geometry of each cross section,
soil properties, and water release hydrographs, have been provided to guarantee that the
model works appropriately. Then, the predicted flows were compared with those
observed at the USGS gage at St. Thomas (St. Thomas, USGS 06926510) in order to
measure the hydraulic performance of the calibrated and validated HEC-RAS model as
previously shown in Figure 4.9 and 4.10. The performance of the sediment transport
equations in the HEC-RAS model had been examined against the observed data as shown
in Figure 4.12.
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The value of the safety factor varies with the fluctuation of the flow along the
river during the simulation period. The simulated riverbank safety factor at each crosssection along the lower Osage River has been used to indicate the stability of this crosssection by implementing the validated HEC-RAS model. There is no unique way to
represent the connection between the flow discharge and the safety factor of the
riverbank. Figure 4.13, 4.14, and 4.15 show the shape of the correlation between the flow
and safety factor at the selected cross sections. Figure 4.16 shows changes in the safety
factor pattern along the lower Osage River during the operation period in 2001.
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Figure 4.13. Safety Factor Prediction Versus Discharge During the Simulations Period at
Station #74.
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Figure 4.14. Safety Factor Prediction Versus Discharge During the Simulations Period at
Station #54.

1.200

40000
Safety Factor
Discharge

30000

Safety Factor

25000

1.000

20000
15000

0.900

Discharge (cfs)

1.100

35000

10000
5000

0.800
5/10/2001 5/25/2001

0
6/9/2001

6/24/2001

7/9/2001

7/24/2001

8/8/2001

8/23/2001

Figure 4.15. Safety Factor Prediction Versus Discharge During the Simulations Period at
Station #18.
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Figure 4.16. Safety Factor Variation during the Simulations Period.
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The riverbanks were categorized as stable if the calculated safety factor of the
cross section was greater than or equal to one; otherwise, it was considered unstable. It is
clear from the above results that the change in the flow magnitude at each cross section
impacts the calculated safety factor. Therefore, the flow release fluctuations will change
the value of the safety factor along the river over time, since the safety factor value
closely follows the variation in the flow rate.
The results extracted from the simulation analysis will provide adequate data for
protecting riverbanks that are at risk of experiencing lowered safety factors due to
fluctuations in water releases from dams. This data will be prepared and used to generate
the information needed for optimizing the modeling process.
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5. INFLUENCE OF OUTFLOW CHARACTERISTICS AFFECTING
RIVERBANK STABILITY

5.1. GENERAL INTRODUCTION
The pattern and nature of water releases from a dam affects downstream riverbank
stability. Unlike steady flow, fluctuations in water releases are a significant influence on
riverbank instability. To understand the nature of this influnce, the outflow characteristics
must be investigated individually. This section serves to document a comprehensive
analysis of the hydropower outflow hydrograph characteristics and the associated impact
on riverbank stability.
In this study, three cross sections along the lower Osage River were selected to
study the impact of flow release characteristics on the riverbank stability. The location of
the selected cross sections are shown in Figure 5.1. These cross sections were chosen not
only because they represent a range in distance from Bagnell Dam, but also because they
each represent the general soil type found in their reach. Different types of soil (silt,
round sand, stiff clay, and angular sand) are present at these cross sections, allowing for
analysis of the impact of the soil layers. The geometry and stratigraphy of these three
selected cross sections are illustrated in Figure 5.2, 5.3, and 5.4.

Bagnell
Dam

18
74

54

Figure 5.1. Location of the Selected Cross Sections Along the Lower Osage River.
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Figure 5.2. Geometry and Soil Profile of Cross Section #74.

Figure 5.3. Geometry and Soil Profile of Cross Section #54.
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Figure 5.4. Geometry and Soil Profile of Cross Section #18.

The significance of the water table level on riverbank instability and safety factor
has been confirmed, and it has been shown that variations in water table elevation levels
have the most significant impact on the safety factor [73, 83-85]. To provide the most
conservative analysis, the water table level was assumed to be fixed and located at the
maximum allowable flow stage level. This assumption will not only help to clarify how
the variation of flow in the river contributes to changes in the net results of the stability
analysis, but also circumvents the unpredictable estimation of pore water pressure.
Furthermore, increasing the water level will increase the hydrostatic pressure and
confining force which leads to negating the existence of the pore water pressure inside
the riverbank. Therefore, the rising limb of the flow release hydrograph has a limited
impact on the riverbank instability.
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5.2. THE PEAK DURATION IMPACTS ON THE RIVERBANKS STABILITY
One of the outflow water release characteristics is the duration of the peak
outflow. In this study, the three hydrographs shown in Figure 5.5 were prepared to
explore the effect of hydro-peak time duration on the safety factors of the riverbanks.
These hydrographs were each applied at Bagnell Dam in the model to simulate the safety
factor along the lower Osage River.
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Figure 5.5. Synthetic Hydrographs at the Dam for Examining Peak Flow Duration.

Table 5.1 includes the initial and final values of the safety factor at each of these
cross sections for each simulation. The initial value represents the value of the safety
factor at the beginning of the simulation, and the final value represents the value of the
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safety factor at end of each peak duration. The difference between these values is
represented by “Diff.”.

Table 5.1. Calculated Safety Factor for each Flow Peak Duration.
8 hr Duration

16 hr Duration

24 hr Duration

Station
Initial

Final

Diff.

Initial

Final

Diff.

Initial

Final

Diff.

74

2.95

2.83

0.12

2.95

2.77

0.18

2.95

2.73

0.22

54

1.57

1.53

0.04

1.57

1.51

0.06

1.57

1.50

0.07

18

1.19

1.19

0.00
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Figure 5.6. Influence of Peak Flow Duration on the Safety Factor at Station #74.
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Figure 5.7. Influence of Peak Flow Duration on the Safety Factor at Station #54.
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Figure 5.8. Influence of Peak Flow Duration on the Safety Factor at Station #18.

From the results shown in Figure 5.6, 5.7, and 5.8, it appears that the duration of
peak flow insignificantly affects the riverbank safety factor. However, it appears there is
a direct correlation between the duration and the magnitude of the change in safety factor
value.
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The reduction of the safety factor at station 74 and 54 is due to the lowering of the
water level in the river coupled with bed degradation resulting from the long duration of
high flow. These conditions produce the opposite effect at station 18 due to local
deposition. Figure 5.9, 5.10, and 5.11 show the invert elevation changes at the selected
cross sections during the peak flow events.
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Figure 5.9. Invert Elevation at Station #74.
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Figure 5.10. Invert Elevation at Station #54.
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Figure 5.11. Invert Elevation at Station #18.

By observing the geometrical shape and soil material of the selected cross
sections, the deposition at station 18 is not unexpected given the lesser stream power,
which is caused by the wider cross section as compared with those cross sections closer
to the dam. Fine bed material is still available in the upstream reaches; therefore, the bed
degradation continues until it becomes armored much later in time.
Additionally, the clear water released from the hydropower plants offers transport
capacity and is more capable of removing sediment particles from the riverbed and
riverbank at stations closer to the dam than at those farther downstream. The simulation
results confirmed this potential by showing an obvious trend in bed degradation
proportional to the proximity of the dam. Bed degradation causes a lower safety factor
value. Figure 5.12 shows the reduction in safety factor at the selected cross sections
during each duration of peak flow.
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Figure 5.12. Reduction in Safety Factor at the Selected Cross Sections.

5.3. IMPACT OF DRAWDOWN FLOW ON RIVERBANK STABILITY
Riverbanks are subjected to changes in water level (rising or falling) during flood
events, hydropower operations, or irrigation operations. The rate of water level changes
in the river impacts the safety factors of the riverbanks. Although rapid drawdown of the
water level is not explicitly included in the calculation of the safety factor, a significant
change in the safety factor takes place when a rapid drawdown in the water level occurs
in the river [86]. This decrease in safety factor is due to the water level imbalance
between the river and riverbank.
The rapid drawdown rate makes the water level in the river lower than the water
table level in the riverbank. This affects the equilibrium between the resisting forces
resulting from the hydrostatic pressure of the water in the river and the driving forces
resulting from the pore water pressure due to the water table in the riverbanks. This
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process causes the riverbanks to be less stable, and then failure or collapse of the
riverbanks can occur.
Decreasing the rate of drawdown is typically utilized to reduce the erosion on the
riverbed and riverbank. In order to quantify this effect for the riverbanks along the Osage
River, 10 hydrographs at Bagnell Dam were used at different hourly flow gradient to
determine the impact of the water level drawdown rate on the safety factor. Figure 5.13
shows the shape of each hydrograph based on their drawdown rate.
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Figure 5.13. Synthetic Hydrographs of Drawdown Rate at the Dam.

Table 5.2 includes the initial value of the safety factor at each of the selected
stations, and the hourly change of the safety factor value at each drawdown rate.
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Table 5.2. Hourly Change of Simulated Safety Factor for each Drawdown Rate.
Drawdown

Station 74

Station 54

Station 18

cfs/hr

Initial

∆ SF

Initial

∆ SF

Initial

∆ SF

22000

2.86

-1.17

1.55

-0.02

1.20

0

11000

2.86

-0.63

1.55

-0.01

1.20

0

7335

2.86

-0.44

1.55

-0.01

1.20

0

5500

2.86

-0.34

1.55

-0.01

1.20

0

4400

2.86

-0.28

1.55

-0.01

1.20

0

3665

2.86

-0.23

1.55

-0.01

1.20

0

3140

2.86

-0.21

1.55

-0.01

1.20

0

2750

2.86

-0.18

1.55

-0.01

1.20

0

2445

2.86

-0.17

1.55

-0.01

1.20

0

2200

2.86

-0.15

1.55

-0.01

1.20

0

The results listed in Table 5.2 show that the magnitude of the drawdown rate
seems to have a significant influence on the riverbank stability as suggested by the
notable reduction in the safety factor at station 74. However, the effect of the drawdown
rate diminishes proportionally to the distance from Bagnell Dam.
River flow is dynamic and changes over time and distance along the river. The
dynamic changes of water level in the river will directly affect the magnitude of the
difference between the riverbank water table and water surface elevation in the river.
Figure 5.14, 5.15, and 5.16 show both water table elevation (WTE) and water surface
elevation (WSE) during several flow drawdown processes at the selected stations along
the lower Osage River.
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Figure 5.14. Water Surface and Water Table Elevation at Drawdown Rate 3665 cfs/hr.
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Figure 5.15. Water Surface and Water Table Elevation at Drawdown Rate 7335 cfs/hr.
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Figure 5.16. Water Surface and Water Table Elevation at Drawdown Rate 22000 cfs/hr.

As shown in Figure 5.14, 5.15, and 5.16, the water surface elevation remained
close to the water table elevation at the stations farther downstream from the dam during
all drawdown events. This produces a state of equilibrium in the water-level boundary,
which results in a large safety factor and reflects positively on the riverbank stability.
Moreover, it is clear from these figures that the drawdown rate significantly reduces
water surface level in the stations closer to the dam. However, the water surface profile
adopts a more gradually varying pattern when a small sudden drawdown occurs, shown
in Figure 5.14, than when steep sudden drawdown occurs, as shown in Figure 5.16.
As the water level in the river falls rapidly, the riverbanks remain saturated, which
means that they are heavy and weak without support. However, the drawdown gradient
decreases as the distance from the dam increases. This phenomenon allows for a state of
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equilibrium between the resisting forces and the driving forces, making the changes in
safety factor almost minimal, as previously shown in Table 5.2 for both station 54 and 18.
Figure 5.17 shows the final percentage change in safety factor at station 74.
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Figure 5.17. Safety Factor Decreases at Each Drawdown Rate in Station #74.

The results in Figure 5.17 show that the influences of the sudden drawdown rate
on the safety factor reduction become considerable (25–42%) within the range of the
large drawdown rate (11000–22000 cfs/hr). However, this influence becomes
insignificant (5–9%) within range of the small drawdown rate (5000–2000 cfs/hr).
Therefore, it is safe to say that a notable reduction in the safety factor probably occurs
when there is a large drawdown rate. However, the stations farther downstream from the
dam would be subjected to smaller influences than those closer to the dam during all
drawdown events.
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5.4. THE IMPACT OF DURATION OF LOW-FLOWS ON RIVERBANK
STABILITY
Time is a fundamental factor in the evolution of river channels, even after river
flow variations have end [87, 88]. Removal of the counter balancing hydrostatic force
provided by the water in the river, is a major reason for riverbank failure. However, one
can argue that if the riverbank does not fail immediately after the drawdown event, then
the safety factor of the riverbank might become less than 1. Therefore, it is important to
understand the impact of the low flow duration on the safety factor.
A change in the safety factor of the riverbank is directly correlated to flow
fluctuations and is expected to continue due to the drawdown even after the end of the
drawdown. Five durations of low flow (8, 12, 16, 24, and 48 hr) were applied at Bagnell
Dam to examine the impacts of low flow duration on the lower Osage River. Figure 5.18
shows the shape of the synthetic hydrograph adopted for this purpose.
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Figure 5.18. Synthetic Hydrograph of Low Flow After End of Falling Flow.
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In particular, the value of riverbank safety factor depends on the cross section
geometry, the soil characteristics, and the magnitude of the acting forces on the
riverbank. Figure 5.19, 5.21, and 5.23 illustrate the variations of the safety factor, water
table elevation, and water surface elevation after the flow drawdown had ended at the
selected cross sections along the lower Osage River. Furthermore, Figure 5.20, 5.22, and
5.24 show the geometrical changes of these cross sections due to riverbank failure.
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Figure 5.19. Safety Factor Changes During Low Flow After the Flow Drawdown at
Station #74.
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Figure 5.20. Changes in Geometry of Station #74.
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Figure 5.21. Safety Factor Changes During Low Flow After the Flow Drawdown at
Station #54.
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Figure 5.22. Changes in Geometry of Station #54.
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Figure 5.23. Safety Factor Changes During Low Flow After the Flow Drawdown at
Station #18.
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Figure 5.24. Changes in Geometry of Station #18.

As shown in Figure 5.19, 5.21, and 5.23, failure could occur at a later time, even
if the riverbank does not fail immediately after the end of flow drawdown. The safety
factor decreases significantly at station 74 (2.75 miles downstream of the dam), reducing
the duration of low flow before the riverbank fails (SF<1). The safety factor gradually
drops at station 54 (31 miles downstream of the dam), increasing the time needed to reach
the failure of the riverbank. At station 18 (69 miles downstream of the dam), the safety
factor is almost constant at the beginning due to the local deposition. Later, the safety
factor starts to drop gradually. This increases the duration of low flow after the end of
flow drawdown until riverbank failure is reached.
In conclusion, although based on limited data, the results indicate that the duration
of the low flow plays a significant role on the safety factor, which is proportional to the
distance from the dam. There is also an increased time of low flow before failure as the
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distance from the dam increases (9.5 hr at station 74), (26.5 hr at station 54), and (45.2 hr
at station 18).
Once the riverbank fails, a new geometry for the cross section will be established
after falling some of the riverbank materials as shown in Figure 5.20, 5.22, and 5.24 for
station 74, 54, and 18, respectively. This new geometry of the riverbank is more stable
than that before the failure, as long as the flow in the river does not change significantly
to upset the equilibrium of the active forces on the new geometry.
Observing Figure 5.20, 5.22, and 5.24 shows that riverbank failures occur along
tall banks with steep slopes (almost vertical) due to the lower stability of the cross
section. In fact, in cross sections where the flow can remove all debris, the toe will be
continually eroded. This will lead to numerous subsequent riverbank failures due to the
increase in the slope angle of the riverbank.
Investigating the influences of the outflow characteristics affecting riverbank
stability is an important step toward enabling the development of an optimization schema
that helps lessen the impact of flow changes [19]. The results from the Osage River show
that the duration of the peak flow slightly influences the safety factor. The rapid rate of
drawdown produces a notable influence on the safety factor and associated riverbank
stability. A decrease in safety factor occurred when the drawdown rate from the dam was
increased. However, the impact of drawdown rate decreases as the distance from the dam
increases. Lastly, the results show a decrease in riverbank safety factor immediately after
drawdown and after the low flow duration is increased. This effect is markedly higher for
riverbanks closer to the Bagnell Dam.
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6. OPTIMAL OPERATION OF HYDROPOWER SYSTEMS FOR HIGHLY
VARYING DEMAND

6.1. GENERAL INTRODUCTION
Nowadays, numerous articles exist on engineering optimization, as it is applicable
to most areas of engineering [89-92]. As shown in Figure 6.1, approximately 53% of the
existing literature on optimization relates to the fields of civil engineering and
mathematics/algorithms [93]. An optimization technique is an analytical tool used to find
the best result given specific conditions and boundaries. In mathematical terms,
optimization finds the maximum or minimum values of a function over a region.

Figure 6.1. Applications of Optimization Algorithms According to Published Literature.
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From the water management side, classical methods of optimization are valuable
for obtaining the optimum solution for continuous and differentiable functions.
Optimization methods are used not only to overcome the high-dimensional, dynamic,
nonlinear, and different characteristics of reservoir systems, but also to solve multiobjective problems. Very few studies have investigated the effect of highly unsteady
hydroelectric power plant releases on the channel stability downstream from dams.
Furthermore, there has been no research on using optimization as a technique for
maximizing the safety factor of riverbanks by considering the effects of water released
from dams. Therefore, the optimization from using the closed interval method will be
introduced in this section to determine the optimal operation scenario of the hydropower
system for the Bagnell Dam. The findings of this work will allow managers and operators
of hydropower plants to have a practical and reliable management tool for making
decisions to minimize the detrimental effects resulting from hydropeaking operations.
In mathematics, an interval is a series of real numbers in which every number
placed in between two numbers in the series is also contained as part of the series. For
instance, the group of numbers (x) satisfying A ≤ x ≤ B is an interval that includes A and
B as well as all numbers in between them.
The closed interval method is applied as one of the optimization methods used to
explore and calculate the extreme value of any continuous function in a closed interval.
However, it is different from the other optimization schemes in regard to the steps taking
place in the process [94]. Furthermore, optimization by the closed interval method is
selected in this research due to its ability to identify a global optimum for problems with
nonlinearities and continuities, as is the case in many hydropower operations.
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6.2. OPTIMIZATION METHOD FORMULATION
The formulation of an optimization model in standard form has to fulfill the
requirements in an extremely efficient way, which means including all constraints that
are required to be addressed in this matter. The three main elements in the optimization
models are the decision variables, objective functions, and constraints. The key to solving
the optimization problem is formulating the problem as a mathematical model by using a
systematic process to translate the decision problem into a mathematical model.
From the water management side, the water releases from the hydropower plant
have a significant impact on riverbank instability. For that aim, the decision variables will
be represented herein as maximizing the riverbank stability.
In addition to identifying the decision variable in the problem, the objective
function has to be characterized. The setting of the objective function f(x) depends on all
variables Q(i) and SF(i) as shown in Equation 1:
n

Max ∑ SF(i). Q(i)

(1)

i=1

where n is the number of hours in the planning period, SF(i) is the safety factor value at
the time (i) along the river, and Q(i) is the amount of outflow at the time (i).
The relationship between the safety factor and the flow discharge has to be
established for each cross section. For this purpose, a power function relates the safety
factor (SF) and the flow (Q) as shown in Equation 2:
SF = kQn
where k and n are a real number.

(2)
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In practice, k and n are unknown at each cross section along the river. Thus,
before using Equation 1 to satisfy the decision variables in the optimization formula, a set
of data has to be used to estimate these coefficients.
Let (Q1, SF1), (Q2, SF2) … … … … (Qi, SFi) represent (i) dataset pairs that include
a safety factor value for each flow value during the operating plan period. Then, the
safety factor will be calculated at each cross section based on the discharge of the water
released from the dam within the planned period.
In real-life problems, some optimization cases are static and do not change over
time, while other cases are dynamic and need continual adjustments. Releasing water
from hydropower plant keeps track of the electrical demand that always varies during the
days, weeks, and months. However, this problem has two primary flow constraints.
The first constraint is to limit the maximum outflow below the flood risk action
while allowing the main channel of the river to convey the water without reaching the
flood plain. The second constraint is adjusting the minimum outflow discharge to achieve
the minimum environmental and ecological water requirements. The setting of the
maximum and minimum flow constraint is shown in Equation 3:
QMax ≥ Q(i) ≥ QMin

(3)

where 𝑄𝑀𝑎𝑥 and 𝑄𝑀𝑖𝑛 are the maximum and the minimum outflow discharge respectively.
To sum up, in this process, the closed interval method begins by setting the
decision variables and the objective functions. The method supposes the objective
function is a continuous function on some closed bounded interval. In this case, the
bounded interval will be the operational constraints. Then, the solution of the function
will be evaluated from the initial number, which is one of the operational constraints, to
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the last value of the bounded interval. The largest value that is calculated by this
approach will be the maximum value of the objective function.

6.3. OPTIMUM HYDROGRAPH REQUIREMENTS
The use of optimization techniques would need a set of fundamental equations to
represent the correlation between the variables in scientific research. These relationships
can be formulated either mathematically or by performing statistical analysis on the field
and laboratory data. Regression analysis is a reliable statistical model that allows the
relationship between two or more variables to be found. There are many patterns of
regression analysis, but at their core, they all explore the effect of the independent
variables on a dependent variable.
In order to complete the formation of the relationship between the amount of
safety factor and the flow discharge for every cross section along the lower Osage River
during the operating planning period, a regression analysis was carried out based on the
extracted results from the HEC-RAS software. The description of the power regression
method is used in this section along with further details can be found in previous research
and books [95, 96]. Given these two models (SF as a function of Q and Q at each cross
section as a function of Bagnell Dam outflow), a continuous and differentiable function
to be used within the closed interval algorithm optimization method, is now possible,
with the safety factor calculated at each cross section based on the discharge of the water
released from the dam.
The typical shape for the relation between the flow discharge and the safety factor
at some station is presented in Figure 6.2, 6.3, and 6.4.
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Figure 6.2. The Correlation of Flow Discharge and Safety Factor at Station #74.
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Figure 6.3. The Correlation of Flow Discharge and Safety Factor at Station #18.
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Figure 6.4. The Correlation of Flow Discharge and Safety Factor at Station #22.

The relationship between the safety factor and the flow discharge was established
for each cross section and combined with the flow routing correlation downstream of the
lower Osage River. Therefore, the safety factor is calculated at each cross section based
on the discharge of the water released from the dam. Due to the variation in the distances
between these cross sections, it is assumed that every cross section represents the
riverbank located upstream of the cross section. Based on this assumption, the length of
the stable riverbank is determined by calculating the total length of the stable riverbank
along the lower Osage River for each change in the outflow. Overall, the observed
correlations between the flow and safety factor at each cross section during the
operational planning showed the suitable consequences as a continuous and differentiable
function to be used within the closed interval method as shown in Table 6.1.
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Table 6.1. Statistical Coefficients of the Flow-Safety Factor Correlation.
Station

R2

k

n

Station

R2

k

n

Station

R2

k

n

78

0.97 0.49 0.09

52

0.89 0.60 0.06

26

0.88 0.27 0.23

77

0.98 0.12 0.24

51

0.99 0.61 0.06

25

0.87 0.01 1.18

76

0.88 0.48 0.09

50

0.92 0.30 0.13

24

0.98 0.80 0.11

75

0.98 0.75 0.03

49

0.94 0.01 0.54

23

0.90 0.01 0.93

74

0.93 0.59 0.06

48

0.95 0.01 0.75

22

0.98 1.91 0.05

73

0.89 0.49 0.09

47

0.95 0.01 0.67

21

0.87 0.01 1.19

72

0.87 0.69 0.07

46

0.99 0.01 2.39

20

0.87 0.96 0.10

71

0.95 0.73 0.04

45

0.99 0.01 0.75

19

0.90 2.10 0.05

70

0.98 0.49 0.09

44

0.97 0.01 0.54

18

0.98 2.31 0.01

69

0.98 0.32 0.14

43

0.95 0.02 0.52

17

0.97 2.21 0.01

68

0.89 0.49 0.09

42

0.91 0.04 0.42

16

0.91 3.29 0.01

67

0.91 0.58 0.08

41

0.88 0.11 0.28

15

0.90 0.01 0.92

66

0.88 0.48 0.09

40

0.87 0.06 0.36

14

0.96 2.60 0.01

65

0.89 0.53 0.08

39

0.98 0.01 1.13

13

0.95 0.11 0.33

64

0.88 0.54 0.08

38

0.99 0.44 0.09

12

0.96 0.16 0.30

63

0.88 1.06 0.02

37

0.93 0.10 0.29

11

0.97 0.01 1.17

62

0.89 0.38 0.14

36

0.99 0.29 0.20

10

0.94 1.02 0.10

61

0.96 0.48 0.10

35

0.99 1.24 0.07

9

1.00 0.71 0.09

60

0.87 0.74 0.05

34

0.92 3.14 0.01

8

1.00 1.39 0.05

59

0.87 0.09 0.26

33

0.98 0.13 0.29

7

0.98 2.27 0.02

58

0.89 0.39 0.12

32

0.92 1.43 0.01

6

0.99 0.71 0.09

57

0.92 0.54 0.09

31

0.96 1.07 0.06

5

0.93 1.39 0.05

56

0.89 0.76 0.05

30

0.98 1.09 0.07

4

0.98 2.27 0.02

55

0.88 0.59 0.07

29

0.96 1.38 0.06

3

0.95 0.16 0.33

54

0.84 1.00 0.01

28

0.98 1.24 0.09

2

1.00 0.38 0.08

53

0.99 0.68 0.05

27

1.00 0.47 0.15

1

0.99 0.49 0.75
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Validation is a vital task in the process of creating a model. For the purpose of
confirming the validity of these functions and representing their performance for
calculating the value of the safety factor under different outflow situations, the
calculations from the flow-safety factor relationships at all stations along the lower Osage
River were compared with the results that were established by using the HEC-RAS
model. Figure 6.5, 6.6, and 6.7 are examples of the comparison between the results of the
flow-safety factor relationships and the HEC-RAS model that shows the degree of
convergence between the two frameworks.
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Figure 6.5. The Comparison of the Flow-Safety Factor by Using Regression Analysis
Relationship and the HEC-RAS Model at Station #58 (from 0-900).
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Figure 6.6. The Comparison of the Flow-Safety Factor by Using Regression Analysis
Relationship and the HEC-RAS Model at Station #58 (from 900-1800).
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Figure 6.7. The Comparison of the Flow-Safety Factor by Using Regression Analysis
Relationship and the HEC-RAS Model at Station #58 (from 1800-2700).
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Figure 6.8 also shows the residuals of the correlation for the flow-safety factor
relationships and the HEC-RAS model at station 22 downstream from the Bagnell Dam.
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Figure 6.8. The Residuals of the Flow-Safety Factor by Using Regression Analysis
Relationship and the HEC-RAS Model at Station #58.

In order to complete the formation of the relationship between the amount of
outflow discharge from the dam and the flow for every cross section along the lower
Osage River during the operating planning period, a regression analysis was carried out
based on the extracted and reliable results from the HEC-RAS model. A very brief
description of the linear regression method is stated in this section, and further details can
be discovered in numerous previous research and books [95, 96]. Suppose that the
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dependent variable A can be expressed as a function of (N) predictor variables B1, B2,...,
BN:
A = α0 + α1 B1 + ⋯ + αN BN

(4)

where α = [ α0, α1, ……, αN] are the regression coefficients to be established by using the
dataset at the observed point.
In this study, a linear regression model was utilized to develop a relationship
between the flow in the upstream stations and the flow in the downstream stations.
Thereafter, the proposed regression model was applied to predict the flow at the St.
Thomas station in order to validate the model. The performance of the models was
assessed by using quantitative statistical metrics, including the coefficient of
determination (R2), which has been been used in previous flow forecasting research [97,
98]. Table 6.2 shows the coefficient determination (R2) for these relationships at each
station along the lower Osage River.
The Nash–Sutcliffe efficiency was calculated between the observed gauge reading
at the St. Thomas station and the predicted results by regression analysis. The Nash–
Sutcliffe efficiency was equal to 0.989, which indicates a high accuracy for the flow
prediction.
Figure 6.9 and 6.10 illustrate the flow hydrograph predicted by using the linear
regression analysis model versus the flow hydrograph measured by the USGS gauge at
the St. Thomas station.
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Table 6.2. The Statistical Coefficients of the Flow Routing Correlation.
Station

R2

Station

R2

Station

R2

78

0.9774

52

0.9988

26

0.9990

77

0.9848

51

0.9985

25

0.9993

76

0.9921

50

0.9998

24

0.9996

75

0.9994

49

0.9996

23

0.9977

74

0.9983

48

0.9981

22

0.9982

73

0.9749

47

0.9984

21

0.9998

72

0.9738

46

0.9991

20

0.9988

71

0.9950

45

0.9991

19

0.9974

70

0.9974

44

0.9992

18

0.9994

69

0.9961

43

0.9993

17

0.9997

68

0.9917

42

0.9996

16

0.9997

67

0.9945

41

0.9998

15

1.0000

66

0.9986

40

0.9986

14

0.9995

65

0.9999

39

0.9983

13

0.9990

64

0.9980

38

0.9998

12

0.9997

63

0.9967

37

0.9998

11

0.9999

62

0.9993

36

0.9998

10

0.9996

61

0.9992

35

0.9998

9

0.9999

60

0.9959
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0.9999
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1.0000

59

0.9952
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0.9999
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0.9999
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0.9983
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Figure 6.9. Comparison of the Flow Hydrograph at St. Thomas Station by Using
Regression Analysis Relationship and USGS-Gage (from 0-900).
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Figure 6.10. Comparison of the Flow Hydrograph at St. Thomas Station by Using
Regression Analysis Relationship and USGS-Gage (from 900-1800).
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Figure 6.10 shows the residuals of the correlation for the flow relationships by
using the regression analysis at the St. Thomas station.
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Figure 6.11. Flow Residuals Using Regression Analysis Relationship at St. Thomas
Station.

Furthermore, the criteria for releasing water from the dam is subject to two
essential operational outflow constraints. The first constraint is allowing only the river
main channel to convey the maximum outflow discharge, keeping the water from
reaching the floodplain at all cross sections along the lower Osage River during the
operating planning period.
From the historical records of floods of the Osage River, four categories are used
to classify the level of flood risk based on the water surface elevation at the St. Thomas
station, noting that the gauge height at the St. Thomas is 525.72 ft. above the sea level.
Table 6.3 shows the flood classification depending on the gage reading and the water
surface elevation at St. Thomas station [99].

94
Table 6.3. The Flood Classification Based on the Gauge Reading at St. Thomas Station.
Flood Categories

Stage (ft.)

Water Surface Elevation (ft.)

Major Flood

35

560.72

Moderate Flood

30

555.72

Minor Flood

23

548.72

Action

16

541.72

Since the stages at any location downstream from the Bagnell Dam are a function
of the outflow releases from the Bagnell Dam, a steady flow analysis with different flow
discharges has been made to find the corresponding stage at the St. Thomas station
downstream from the Bagnell Dam. Figure 6.12 represents the stage-flow rating curve at
the St. Thomas station [62].
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Figure 6.12. The Stage-Discharge Rating Curve at St. Thomas Station.
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To increase the reliability of the HEC-RAS model findings, the results of the
steady flow analysis are compared with the stage-flow rating curve at the St. Thomas
station. Table 6.4 shows the water surface elevation and the riverbank elevation for
different flow events downstream of the Bagnell Dam

Table 6.4. The Steady Flow Analysis Results at St. Thomas Station.
Flow
(cfs)

30000

37500

40000

42500

45000

WSE
(ft.)

537.17 537.83 538.48 539.29

539.9

540.5

541.02 541.59 542.14

14.18

14.78

Stage
(ft.)

11.6

32500

12.11

35000

12.76

13.57

15.3

47500

15.87

50000

16.42

The second constraint is adjusting the minimum outflow discharge to achieve the
minimum environmental and ecological water requirements. In other words, the
minimum outflow has to be equal to or higher than the ecological water requirements at
any time within the planning period. There are many factors that determine the minimum
flow needed for environmental requirements. Data availability with regards to flow in a
particular catchment is very important, and since each catchment is unique, these
attributes might differ. However, the historical data indicated the average minimum flow
in the Osage River was about 600 cfs [99]. Therefore, this amount will be used as the
minimum outflow discharge to achieve the minimum environmental and ecological water
requirements to accomplish the optimal hydrograph.
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6.4. EFFECT OF RAISING AND FALLING LIMB ON THE FLOW-SAFETY
FACTOR RELATIONSHIP
The relationship between the estimated safety factor at each cross section and the
amount of discharge passing through that station is the most important component that
influences the optimization algorithm. Therefore, the variation in the water level during
the flow rising limb and the falling limb as a result of the unsteady flow might impact the
calculation of the safety factor. The magnitude of changes that might occur in the flowsafety factor relationships was determined by utilizing the three hydrographs shown in
Figure 6.13. The main characteristic of these hydrographs is that each one has an
identical duration of the falling and rising limb with different peak flow.
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Figure 6.13.The Synthetic Hydrographs Used for Estimating the Safety Factor Value
Differences during the Unsteady Flow.
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The impact of unsteady flow on the flow-safety factor correlation was
investigated at three selected location as shown in Figure 6.14 along the lower Osage
River.

Bagnell
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54

Figure 6.14. The Location of the Selected Cross Sections along the Lower Osage River.

Conceptually, the waves along the rivers occur as a result of variation in the
volume of water passing through a particular cross-section by considering the change in
the velocity and the stream power along with the variation of the river water level. In fact,
the movement of these waves from the upstream to the downstream of the river is
accompanied by a decrease in the peak of the wave and an increase in the wavelength
[100]. In other words, the form of the wave will particularly tend more to flatten when it
moves away from the source of its production. Figure 6.15 clearly shows that the peak of
the wave is decreasing as the wave moves far from the dam.
Furthermore, Figure 6.16, 6.17, and 6.18 illustrate the variation of the safety
factor with change of discharge at the three selected cross sections resulting from the
implementation of the synthetic hydrograph with peak flow of 45000 cfs.
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Figure 6.15. The Variation of Discharge and the Propagation of the Wave While the Peak
Flow is 45000 cfs.
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Figure 6.16. The Flow-Safety Factor Rating Curve at Station 74.
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Figure 6.17. The Flow-Safety Factor Rating Curve at Station 54.
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Figure 6.18. The Flow-Safety Factor Rating Curve at Station 18.
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The influence of the flow variation during the unsteady flow corresponding to the
safety factor values decreases as the flow moving far from the dam. Figure 6.19, 6.20,
and 6.21 represent the maximum difference of the calculated safety factor during the
rising and falling limb versus the best fitting curve of the safety factor at the selected
stations. The maximum difference occurred during higher peak flow, and the maximum
over-estimation value of safety factor didn't exceed the 12% from the real value while the
low-estimation didn't exceed 10.5%. However, this difference decreased and almost
disappeared as the flow moves downstream of the river especially within the regular
range of the water releases from the hydropower plant.
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Figure 6.19. The Maximum Differences in the Estimated Safety Factor with Peak Flow
Equal to 45000 cfs.
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Figure 6.20. The Maximum Differences in the Estimated Safety Factor with Peak Flow
Equal to 30000 cfs.
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Figure 6.21. The Maximum Differences in the Estimated Safety Factor with Peak Flow
Equal to 15000 cfs.

102
6.5. OPTIMUM HYDROGRAPH ANALYSIS
The methodology of the closed interval method has been applied for finding the
optimal outflow hydrograph from the Bagnell Dam. This method finds the maximum
within a closed interval. The optimization routine was constructed using the closed
interval method that was coded in MATLAB for computing the optimal hourly water
release hydrograph schemes for a hydropower plant. The closed interval optimization
model was established on an hourly basis for a period in the summer of 2001 to assess the
stability of the riverbanks along the lower Osage River. This process begins with defining
the flow characteristics that are measured and predicted from the flow and riverbanks
stability calculation using the HEC-RAS model to reflect the current year. A flow-safety
factor curve provides a relationship between flow and safety factor rating at each station
along the river at any time during the planning period. Then, the optimal water release
hydrograph is specified by utilizing closed interval method and iterating forward from
minimum to maximum constrained flow until a maximum safety factor condition is
fulfilled. Finally, following every optimization iteration, the best discharge will be
recorded for the iteration. The diagrammatic representation in Figure 6.22 illustrates the
suggested solution model and steps for calculating the optimal water release hydrograph.
The proposed optimization algorithm has been modified to match the historical
hourly required electric production for the summer of 2001 period. The demand for
power generation will be considered when establishing the optimal hydrograph by setting
the range of the outflow to be within the domain of the optimized hydrograph.
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Figure 6.22. The Flowchart for Calculating the Optimal Water Releases Hydrograph.
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Furthermore, the global optimum can calculate the minimum or maximum value
of the objective function in the entire region, whereas, a local optimum can find optimum
value over a subset of the domain [101]. In this study, there are multiple local solutions
for the objective function, and the global solution is determined by selecting the closest
value of the optimal outflow to the original outflow value. The selection of the closest
outflow value will maintain the initial hydrograph pattern according to the generating
demand. Figure 6.23 represents a portion from the suggested hourly maximum and
minimum domain for the optimal hydrograph following the original outflow pattern.
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Figure 6.23. The Suggested Maximum and Minimum Ranges of Optimal Hydrograph.
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If the suggested hourly maximum and minimum range for the optimal hydrograph
does not follow the original outflow pattern for each operating hour along the planned
operation period, the results will produce one value of the outflow from the dam along
the operating plan hours. These criteria for releasing water from the dam are extremely
unacceptable and illogical in hydropower plants and water management. Additionally, if
the objective function, or the safety factor function of the riverbanks in this study, is not
provided for all times, then the problem is equivalent to that of maximizing the overall
power generated during the selected release scenario regardless of the consideration of
the impacts on a river downstream from a dam.
Although each conventional hydropower plant and its downstream riverbanks
might be uniquely different from one region to another, fundamentally it follows the
same approach for producing the electric. On this basis, a guide is attached in Appendix
D to explain the steps and requirements for implementing this work on other dams.
Figure 6.24, 6.25, and 6.26 illustrate the obtained hydrograph results by applying
the optimization algorithm. Note that although the value of the discharge for each hour
changed from the original outflow value, the optimal hydrograph path remained tracking
of the initial original hydrograph path to satisfy the power demand.
The optimal hydrograph decreases the length of the unstable riverbanks. The
fluctuations in the original hydrograph of the recorded historical data from the last two
decades were compared to those in the optimal hydrograph. In comparison to the original
hydrograph, the statistical analysis showed that the number of small rapid descents
becomes increased as a result of applying the optimization technique, and the big rapid
descent almost vanished in the optimal hydrograph.
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Figure 6.24. Comparison of Original Outflow Hydrograph and Optimal Outflow
Hydrograph from Bagnell Dam (from May-10 to June-17 2001).
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Figure 6.25. Comparison of Original Outflow Hydrograph and Optimal Outflow
Hydrograph from Bagnell Dam (from June-17 to July-27 2001).
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Figure 6.26. Comparison of Original Outflow Hydrograph and Optimal Outflow
Hydrograph from Bagnell Dam (from July-27 to Aug-31 2001).

Furthermore, the optimal hydrograph produces a moderate gradient pattern for the
water releases from the dam, which decreases the influences of the duration after flow
reduction. This is reflected positively in increasing the stability of the riverbanks that
were previously susceptible to or close to the risk of instability.
As shown for the Osage River, the optimal hydrograph decreases the possibility
of the unstable riverbank reaches to be 22.7% instead of 53.1% using the original
hydrograph. This procedure will reduce the need to protect a long stretch of riverbank
that has been technically unstable.
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6.6. THE ANALYSIS OF THE OPTIMAL HYDROGRAPH IMPLEMENTATION
A fundamental set of factors affects the stability of riverbanks in varying degrees
through the fluctuation in the flow of a hydroelectric plant. In order to verify that the
optimal hydrograph might satisfy a considerable part of these factors compared to the
original hydrograph, a statistical analysis was performed to study the frequencies of these
factors in both scenarios. The optimization technique was applied to the historical data of
the water releases from Bagnell Dam during the last two decades. Figures 6.27 through
6.35 illustrate the original and the optimal hydrographs during the selected periods of
time.
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Figure 6.27. The Comparison of the Original Outflow and the Optimal Outflow
Hydrograph from Bagnell Dam during the Year of 2000.
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Figure 6.28. The Comparison of the Original Outflow and the Optimal Outflow
Hydrograph from Bagnell Dam during the Year of 2002.

40000
ORG

OPT

35000
30000

Flow cfs

25000
20000
15000
10000
5000
0
0

100

200

300

400

500

600 700
Time hr

800

900 1000 1100 1200 1300

Figure 6.29. The Comparison of the Original Outflow and the Optimal Outflow
Hydrograph from Bagnell Dam during the Year of 2004.
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Figure 6.30. The Comparison of the Original Outflow and the Optimal Outflow
Hydrograph from Bagnell Dam during the Year of 2005.
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Figure 6.31. The Comparison of the Original Outflow and the Optimal Outflow
Hydrograph from Bagnell Dam during the Year of 2006.
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Figure 6.32. The Comparison of the Original Outflow and the Optimal Outflow
Hydrograph from Bagnell Dam during the Year of 2007.
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Figure 6.33. The Comparison of the Original Outflow and the Optimal Outflow
Hydrograph from Bagnell Dam during the Year of 2008.
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Figure 6.34. The Comparison of the Original Outflow and the Optimal Outflow
Hydrograph from Bagnell Dam during the Year of 2017.
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Figure 6.35. The Comparison of the Original Outflow and the Optimal Outflow
Hydrograph from Bagnell Dam during the Year of 2018.
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The primary purpose behind this is to examine the impact of this procedure on the
riverbanks’ stability compared to the original hydrographs. The selection was performed
based on the proved flow data during the summer season of these years, as the flow is
more likely to fluctuate during this time of the year due to the rapid variation of the
electrical demand. As previously verified, the gradient in water release seems to be a
significant influence on riverbank instability due to the notable reduction in the safety
factor. Thus, repeating the rapid flow gradient situation during the operation period will
increase the probability of riverbank instability, especially when the safety factor value is
close to the risk zone. The frequency analyses for the drawdown flow rate value in the
previously mentioned years for both the original hydrograph and the optimized
hydrograph are represented in Figures 6.36 through 6.44.
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Figure 6.36. The Drawdown Frequency in the Year of 2000.
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Figure 6.37. The Drawdown Frequency in the Year of 2002.
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Figure 6.38. The Drawdown Frequency in the Year of 2004.
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Figure 6.39. The Drawdown Frequency in the Year of 2005.
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Figure 6.40. The Drawdown Frequency in the Year of 2006.

15000

116
100
ORG

90

OPT

80

60
50
40
30
20
10
0
2000

4000

8000

10000

Flow Fall Rate (cfs)

Figure 6.41. The Drawdown Frequency in the Year of 2007.
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Figure 6.42. The Drawdown Frequency in the Year of 2008.
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Figure 6.43. The Drawdown Frequency in the Year of 2017.
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Figure 6.44. The Drawdown Frequency in the Year of 2018.
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The variation in demand for electricity is the main reason for the fluctuation in
water releases from dams. However, the frequencies of these fluctuations were reduced
somewhat by using the optimal hydrograph. In the same level, the frequencies of the high
flow drawdown rates have dwindled compared to the original hydrograph, which is a
potential perspective for reducing the instability of the riverbanks. The moderate gradient
behavior for the water releases from the dam reflects positively to decrease the influences
of the period after flow reduction during the low electrical demand time. Based on the
sensitivity analysis, when the time after flow reduction has increased, the probability of a
decrease in the safety factor is relatively notable especially in the reaches close to the
dam. The optimal hydrograph, although it is tracking the original hourly demand pattern,
minimized the low flow time that follows a sudden drop in discharge. Figure 6.45 and
6.46 show a zoomed portion of original and optimal hydrograph of years 2002 and 2005.
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Figure 6.45. Zoomed portion of Original and Optimal Hydrograph during the Year of
2002.
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Figure 6.46. Zoomed portion of Original and Optimal Hydrograph during the Year of
2005.

120
7. CONCLUSIONS AND RECOMMENDATIONS

7.1. SUMMARY AND CONCLUSIONS
This dissertation has investigated the adjustments of water releases from
hydropower plants to meet the objective of decreasing riverbank instability by
considering the electrical demand, ecological flow, and flood stage. Investigation of the
literature showed that hydropower plants have significant influences on the downstream
environment and optimization techniques can be utilized to increase hydropower
generating coupled to mitigate the negative environmental impacts. Nevertheless, none of
the studied techniques addressed the core motivations of this work, namely, reducing
riverbank instability due to the fluctuation in water releases from hydropower plants.
The 81-mile stretch of lower Osage River downstream from Bagnell Dam
provided an excellent case study to investigate the influence of the water level
fluctuations on riverbank instability. An extensive dataset from an earlier comprehensive
study of potential erosion of the lower Osage River was customized to use in the
integrated BSTEM model with the HEC-RAS model.
The 1-D sediment transport and unsteady flow in the HEC-RAS model were
accurately calibrated and validated with the data from the United States Geological
Survey (USGS) to flow events in 2001. The final calibration range for Manning's
roughness coefficient was 0.023–0.028 with an average of 0.025 in most parts of the
lower Osage River. The Nash–Sutcliffe efficiency approach was applied to evaluate the
performance of the validated model. The result was 0.978, which indicates a perfect
match of the 1-D unsteady flow in the HEC-RAS model to the observed data.
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Additionally, the relative difference between the simulated bed-elevation using
the Engelund-Hansen equation within HEC-RAS and the observed data was 14.08%,
which yields reasonable results in this study. Furthermore, the average rate of difference
was less than 6.3%, and the efficiency was equal to 0.893 using the Nash–Sutcliffe
efficiency approach to evaluate the calculated SFs through the BSTEM model and those
estimated through the field study, which showed an acceptable match. The validated
integrated BSTEM model with the HEC-RAS model helped in producing a series of
safety factors for the 78 cross sections along the lower Osage River in relation to outflow
from the Bagnell Dam. The results extracted from the simulation analysis provided
adequate data for identifying riverbanks that are under risk of lowered safety factor due to
the fluctuation of outflow from the hydropower plant. It was clear from the results that
the change in the flow magnitude at each cross section impacts the calculated safety
factor.
The formulated optimization routine of the modified interval algorithm was coded
by using MATLAB to compute the optimal hourly outflow hydrograph schemes for the
hydropower plant. Thus, flow-safety factor relationship of each cross section along the
lower Osage River was developed to be implemented in the optimization process as an
objective function. In addition to identifying the objective function in the optimization
process, releasing water from the hydropower plant to keep track of the electrical demand
was systematized as the first constraint. The second constraint was to limit the maximum
outflow below the flood stage, allowing the main channel of the river to convey the water
without reaching the flood plane. The third constraint was adjusting the minimum
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outflow discharge to achieve the minimum environmental and ecological flow
requirements.
Understanding the constraints and capabilities of using hydropower plants is
significant for decreasing riverbank instability downstream from dams. Thus, the primary
conclusions for this dissertation are as follows:
•

Riverbank stability is less affected by the duration time of the peak flow.
However, longer duration shows a higher influence on changing the safety factor
value. The peak of water releases basically increases the erosion on the riverbed
and riverbank. Therefore, the reduction of the safety factor seems to be due to the
decrease in the water level inside the river coupled to bed degradation, while the
water table level in the riverbank remained high. As shown for the Osage River,
increasing the duration of the peak water releases from 1 hour to 8, 16, and 24
hours, which is combined to bed degradation, caused decreases in a safety factor
by 3.9%, 5.8%, and 7.4%, respectively.

•

The sudden flow descent reduces riverbank stability. The sudden descent in water
releases from hydropower plants makes the water level in the river lower than the
water table in the riverbank. This affects the state of equilibrium between the
resisting forces resulting from the hydrostatic pressure of the water in the river
and the driving forces resulting from the pore water pressure due to the water
table in the riverbanks. This process causes the riverbank to be less stable, and
then failure or collapse in the riverbanks can occur. The results of this study
showed that a larger descent in water releases value causes a higher influence on
the safety factor of the riverbank. When water releases from the hydropower plant
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were rapidly dropped by 22000, 11000, 5500, and 2200 cfs/hr, a decrease in the
safety factor occurred by 42%, 23%, 12%, and 5.5%, respectively.
•

The duration of low flow after the peak flow influences the riverbank stability.
Even if the safety factor of the riverbank does not enter the risk zone immediately
after the reduction in water releases from the dam, it is safe to say that the
duration of the low flow (after the flow reduction) can make a notable impact on
the safety factor. Therefore, it is more important to determine the duration time of
the low flow that proceeded the safety factor of riverbanks to enter the risk zone.
In this study, 48 hr durations of low flow (after the flow reduction) were used to
examine their impacts on the safety factor of riverbanks. The results showed an
obvious trend that riverbanks closer to the dam would take less time (9.5 hr) than
those farther downstream from the dam (45 hr) to enter the risk zone.

•

The optimal hydrograph decreases the length of the unstable riverbanks. The
fluctuations in the original hydrograph of the recorded historical data from the last
two decades were compared to those in the optimal hydrograph. In comparison to
the original hydrograph, the statistical analysis showed that the number of small
rapid descents becomes increased as a result of applying the optimization
technique, and the big rapid descent almost vanished in the optimal hydrograph.
Furthermore, the optimal hydrograph produces a moderate gradient pattern for the
water releases from the dam, which decreases the influences of the duration after
flow reduction. This is reflected positively in increasing the stability of the
riverbanks that were previously susceptible to or close to the risk of instability. As
shown for the Osage River, the optimal hydrograph decreases the possibility of
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the unstable riverbank reaches to be 22.7% instead of 53.1% using the original
hydrograph. This procedure will reduce the need to protect a long stretch of
riverbank that has been technically unstable.

7.2. RECOMMENDATIONS AND FUTURE WORK
This research examines only the influence of water releases variation from
Bagnell Dam on the riverbank stability downstream of the lower Osage River and finds
the optimal hydrograph to mitigate the riverbank instability. However, it provides a solid
basis for pursuing other interesting impacts on the Osage River due to this fluctuation in
water releases.
Additional research efforts can take many directions. Further consideration should
be given to the role of these fluctuations on the water quality index and long term in
shaping channel morphology. These further studies allow researchers to not only enhance
understanding of the flow fluctuation impacts toward the river geometry at this site but
also to identify changes in ecological systems along the river. This is particularly
valuable to landowners whose property is close to the river, as a migration of the
riverbank results in a loss of property and can negatively affect fish habitats.
The incorporation of more precise ecosystem-related goals rather than minimum
flow is limited due to the lack of correlation between water releases and their influence
on ecosystem characteristics. Therefore, improvements in this direction are required to
develop a minimum flow approximation for modifying a temperature model to allow
more certain results regarding the effect of water temperature variations on the ecosystem.
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Although the dataset appropriated for this study was reasonably accurate, a more
refined model would be extended if additional detailed field data were collected.
Collecting water table data corresponding to the variations in water surface elevation
would meaningfully increase the accuracy of the stability analysis of the lower Osage
River. This could be fulfilled by installing piezometers in riverbanks at each cross section
and monitoring the water table and water surface elevations continually.
Another direction for further study is a 2-D morphodynamic model. This 2-D
morphodynamic model would become a valuable tool for investigating riverbank
evolution, especially since these have been subjected to the fluctuations in water level
over time. This 2-D morphodynamic model would overcome the limitation in 1-D
morphodynamic models related to producing planform developments such as width
adjustment and meander bend migration.
This study afforded a comprehensive investigation of the influences of water
release from the hydropower plant at Bagnell Dam on riverbank stability along the lower
Osage River. The characteristics of flow that lead riverbanks to fail were addressed. An
optimum hydrograph to reduce the failure of riverbanks was established by adjusting the
water releases from the hydropower plant. Recommendations were given for future
refinements of this study. This effort will allow hydropower plants’ operators to have a
practical and reliable tool to minimize the detrimental effects resulting from hydropower
plant operations.

126

APPENDIX A.
THE DETAILED SOIL BORING ALONG LOWER OSAGE RIVER
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Figure A.1. The Detailed Soil Boring Log at 80.3 River Mile.
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Figure A.2. The Detailed Soil Boring Log at 77.2 River Mile.
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Figure A.3. The Detailed Soil Boring Log at 70.7 River Mile.

130

Figure A.4. The Detailed Soil Boring Log at 65.8 River Mile.
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Figure A.5. The Detailed Soil Boring Log at 60.0 River Mile.
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Figure A.6. The Detailed Soil Boring Log at 56.3 River Mile.
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Figure A.7. The Detailed Soil Boring Log at 50.0 River Mile.
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Figure A.8. The Detailed Soil Boring Log at 43.0 River Mile.
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Figure A.9. The Detailed Soil Boring Log at 33.0 River Mile.
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Figure A.10. The Detailed Soil Boring Log at 26.6 River Mile.
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Figure A.11. The Detailed Soil Boring Log at 22.1 River Mile.
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Figure A.12. The Detailed Soil Boring Log at 12.4 River Mile.
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Figure A.13. The Detailed Soil Boring Log at 5.5 River Mile.
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APPENDIX B.
GRAIN SIZE DISTRIBUTION
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Figure B.1. Grain Size Distribution of the Riverbed at 80.3 River Mile.
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Figure B.2. Grain Size Distribution of the Riverbed at 77.2 River Mile.
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Figure B.3. Grain Size Distribution of the Riverbed at 70.7 River Mile.
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Figure B.4. Grain Size Distribution of the Riverbed at 65.8 River Mile.
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Figure B.5. Grain Size Distribution of the Riverbed at 60.0 River Mile.
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Figure B.6. Grain Size Distribution of the Riverbed at 56.3 River Mile.
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Figure B.7. Grain Size Distribution of the Riverbed at 50.0 River Mile.
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Figure B.8. Grain Size Distribution of the Riverbed at 43.0 River Mile.
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Figure B.9. Grain Size Distribution of the Riverbed at 33.0 River Mile.
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Figure B.10. Grain Size Distribution of the Riverbed at 26.6 River Mile.
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Figure B.11. Grain Size Distribution of the Riverbed at 22.1 River Mile.
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Figure B.12. Grain Size Distribution of the Riverbed at 12.4 River Mile.
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Figure B.13. Grain Size Distribution of the Riverbed at 5.5 River Mile.

154

APPENDIX C.
THE LOCATION OF THE CROSS SECTIONS ALONG LOWER OSAGE RIVER
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Figure C.1. The Location of the Cross-sections along Lower Osage River.
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Figure C.2. The Location of the Cross-sections along Lower Osage River.
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Figure C.3. The Location of the Cross-sections along Lower Osage River.
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Figure C.4. The Location of the Cross-sections along Lower Osage River.

159

Figure C.5. The Location of the Cross-sections along Lower Osage River.
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Figure C.6. The Location of the Cross-sections along Lower Osage River.
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Figure C.7. The Location of the Cross-sections along Lower Osage River.

162

Figure C.8. The Location of the Cross-sections along Lower Osage River.
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Figure C.9. The Location of the Cross-sections along Lower Osage River.
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Figure C.10. The Location of the Cross-sections along Lower Osage River.
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APPENDIX D.
THE GUIDEBOOK OF THE CRITERIA AND OPTIMIZATION ALGORITHM
APPROACH
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THE CRITERIA AND OPTIMIZATION ALGORITHM APPROACH

This guidebook was prepared to clarify the main points that required to meet and
following them to complete future studies in another region which are subjected and
needed to the same matter.

STEP 1
Preparing a comprehensive study and obtaining data related to the characteristics
of the soil downstream from the dam along the targeted river. The soil borings needed to
be analyzed for investigating the physical properties of the soil, the stratification of the
soil, and classifying the soil particles according to the size (Clay, Silt, Sand, etc.). Also,
the grain size distribution of the bed material from the upper riverbed layer for the same
selected cross-sections should be produced for estimating the bed evolution as well.
In order to get accurate details on the types of soil of the riverbanks, the soil
boreholes have to be drilled at the closest possible to the edge of the riverbanks without
impacting the stability of the riverbanks. Furthermore, these boreholes have to be drilled
to a depth that allows observing any change that may occur in the soil layers along the
river's cross-section. The data from these soil borings will be used for the riverbank
stability analysis within the study.

STEP 2
The cross-sections geometry data have to be obtained along the stretch of the river
downstream of the dam for use in the hydraulic model of the river. The number of these
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cross-sections has to be enough by considering the flow time step and the space
between each other for making the unsteady flow model completely stable.

STEP 3
In order to establish the hydraulic model, the stage and flow data have to be
obtained. These periods should include the range of outflows that occur during normal
operations of the hydropower plant at the dam, and, at least, one other gauged station
within the downstream of the river. These data will be used to establish and validate the
hydraulic model through known calibration and verification methods. In the same level, it
is also required to provide adequate data to complete the calibration and verification of
the sediment transport model as well.

STEP 4
Generate a comprehensive examination of the flow discharge and river
morphology prediction by using an integrated model for both the unsteady flow and
riverbank instability. The extracted results from the simulation analysis will provide
adequate data to invent the relationship between the discharges passing through the crosssections of the river corresponding to the safety factor rates. Safety Factor-Discharge
relations will be employed as inputs information to create the required functions during
the optimization modeling process in the next steps.
It is also necessary to establish a relationship between the flow discharges at each
station along the downstream of the river to forecast the flow routing variation in these
stations corresponding to the water releases from the dam.
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STEP 5
Considering the criteria for releasing water from the dam have to be subjected to
operational constraints. The first condition is allowing the river main channel only to
convey the maximum outflow discharge, which means the water does not get to the
floodplain at all cross-sections along the downstream of the river during the operating
planning period. The second condition is setting the minimum outflow discharge to
achieve the minimum environmental and ecological water requirements.

STEP 6
The optimal water-release hydrograph is specified by utilizing the closed interval
method and iterating forward, from minimum to the maximum constrained flow, until a
maximum safety-factor condition is fulfilled. Then, following every optimization
iteration, the best-calculated discharge will be recorded for this iteration.
The proposed optimization algorithm has to be modified to match the hourly
required electric production. So, the demand for power generation has to consider when
establishing the optimal hydrograph by setting a lower and upper range of the optimized
hydrograph to track the domain of the power demand.
Notes that, if the suggested hourly maximum and minimum range for the optimal
hydrograph does not follow the original outflow pattern for each operating hour along the
planned operation period, the results will produce one value of the outflow from the dam
along the operating plan hours.
The frequency of water releases fluctuations is one of the hydropower operating
principles which are likely to occur under electrical demand variation. Therefore, these
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fluctuations should be established on the frameworks that are repeatable and allow
approval of this rate to minimize the harmful impacts downstream the river.
Finally, the diagrammatic representation in Figure D.1 illustrates the suggested
modeling criteria and steps for generating the optimal water-release hydrograph.
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START
Input the geometry of cross-sections and soil
properties

Hydraulics
and

Input the original hydrograph of the dam
Morphology
Generate the correlation functions between the
outflow hydrograph Q and riverbank stability SF
along the river at each time step

Prediction

Setup the Max and Min values of outflow from the dam
Input the functions of the riverbank stability FS
related to the outflow hydrograph Q and along the
river at each station

Construct solution using optimization Algorithm by
using the objective function

Optimization

Update the outflow hydrograph Q (Optimal Flow)
No
t > tmax
Yes
END

Figure D.1. The Optimization Algorithm Including Morphology and Flow Prediction.
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